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Abstract 
 
        The progressive increase of heat dissipation from modern electronics requires more 
and more powerful cooling systems. Various cooling technologies have been developed 
such as liquid cooling, micro-channel cooling, and active cooling. The present study 
focuses on applying a unique device called a synthetic jet to cool electronics. A synthetic 
jet is able to generate an unsteady flow with a simple structure that makes it effective in 
convective heat transfer. This study provides both practical and fundamental view of 
synthetic jets in the application of electronics cooling. 
        A mock-up synthetic jet is fabricated to study heat transfer and fluid mechanics of 
synthetic jet cooling. The scaled synthetic jet is geometrically and dynamically similar to 
the actual jet. The heat transfer performance characteristics of a synthetic jet impinging 
on a fin are tested with different operating frequencies and with different orifice shapes. 
Flow visualizations and detail flow field measurements of the impinging synthetic jet 
flow are documented to support the heat transfer experiment. The optimized parameters 
obtained from the scaled experiment are applied to the actual synthetic jet design. The 
actual synthetic jet is realized using a piezoelectric stack and applied on a cooling system 
based on a full-sized heat sink module. The cooling performance of the whole system is 
documented. The noise characteristics of the actual synthetic jet is tested and analyzed. A 
muffler with optimized parameters is found and used for noise reduction. Numerical 
simulation is used to find the optimal design for the synthetic jets. The computation is 
realized by the commercial software ANSYS Fluent. The numerical model is verified by 
iii 
 
comparing the computational results with experimental results. A parametric study of 
heat transfer performance of synthetic jet cooling is documented.  
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Chapter 1 Introduction 
 
        Thermal management of electronic devices has become a progressively serious issue 
for thermal engineers due to miniaturization of electronic components and fast 
development of integrated circuits that cause the electronics to dissipate higher and 
higher power. According to Moore’s law [1], the number of transistors on an integrated 
circuit doubles every 18 months and the transistor density is expected to be more than 
10
11
 per die [2] by 2020. The anticipated power density will grow exponentially, as 
silicon microfabrication technology develops. It is estimated that the power dissipation 
will increase 13 times as the scales decrease from 90 nm to 15 nm [2]. The heat power 
has to be carried away by cooling devices to maintain the electronics at a temperature that 
allows the electronics to work properly [3-5].  
        Traditional steady air cooling systems such as air driven fan and heat sink 
assemblies have difficulty in dissipating the increasing heat fluxes of modern electronics. 
The widely-used methods for cooling high heat flux electronics include liquid cooling, 
micro-channel cooling, and active cooling with their own specific advantages and 
disadvantages as applied in various fields. Liquid cooling is a very effective cooling 
technology that is able to remove a high heat flux due to the higher heat conductivity and 
heat capacity of liquid compared to air [6-18]. As a result, the liquid cooling devices are 
generally used for electronics with very high heat flux (above 100 W/cm
2
). Phase change 
cooling is one type of liquid cooling that involves liquid phase change to gas phase 
during the cooling process. The phase change absorbs a large amount of latent heat and 
2 
 
has high heat transfer performance compared to traditional liquid cooling [19-23]. 
However, cooling devices with liquids require high level of manufacturing to avoid 
leakage. The implementation of a liquid cooling system is also complex, causing the 
whole device to be costly compared to air cooled devices. The micro-channel cooling is 
another popular technology that is able to provide much higher heat transfer area than 
traditional heat sinks [24-32]. The channel dimension is usually on the micron scale and 
the total heat transfer area is generally several hundred times that of the traditional heat 
sink, in the millimeter or centimeter scale. However, the fabrication of micro-channel 
requires microtechnology or even nanotechnology, such as photolithography, wet etching, 
hot embossing, and electroplating, which make the micro-channel cooling device 
expensive. Also, the small scale of the channel dimension makes the pressure drop across 
micro-channels much higher than in the traditional channel causing higher pumping 
power.  
        Active cooling is one of the most interesting cooling technologies that have been 
developed recently. One type of device agitates or stirs the cooling flow and, thus, to 
enhances heat transfer. The most two popular active devices are piezoelectric fans and 
synthetic jets, which have been found to be effective in disturbing the flow and 
generating turbulence for enhancing heat transfer. A piezoelectric fan is generally 
composed of a thin plate with piezoelectric material bonded on it that, when energized 
with a fluctuating voltage, deflects continuously [33-44]. The fan movement generates 
vortices near its tip that are carried downstream to the surfaces being cooled [33]. This 
mechanism has been shown to enhance heat transfer to 375% of natural convection 
values. Kimber et al. [34-36] studied arrays of piezoelectric fans. They demonstrated the 
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importance of frequency, amplitude and geometry toward cooling performance. Liu et al. 
[37] studied flat surface cooling with piezoelectric fans. The entrained airflow generated 
by the piezoelectric fan was shown to be important for heat transfer enhancement. Yu et 
al. [44-51] studied the heat transfer enhancement of piezoelectric-driven agitators 
vibrating inside a channel. It was found that the agitator is very effective in agitating the 
channel flow. The heat transfer enhancement is linear with the peak moving speed of the 
agitator. 
        Synthetic jet impingent is another innovative method for active cooling. In a simple 
structure and with a low power requirement, the synthetic jet can produce unsteady, 
turbulent impinging flow. A synthetic jet is a zero-net mass-flux device widely used in 
boundary-layer separation control, jet vectoring, mixing enhancement in combustion, and 
turbulence generation. Glezer [53-55] is one of the first researchers to systematically 
study the fluidic characteristics of synthetic jets. Since then, more and more people 
focused on synthetic jets in different areas. A synthetic jet generally consists of a cavity 
with a driver attached on one side and an orifice on the opposite side. When the driver 
moves back and forth, the jet will generate an unsteady flow through the orifice and the 
flow will move downstream to a surface forming an impinging flow. When the jet is in 
the ejection cycle, the diaphragm will expel flow out from the orifice and form a vortex 
near the orifice. If the propulsion is large enough, the vortex will move downstream 
before the jet orifice flow reverses and starts to suck in flow. Utturkar et al. [56-57] 
proposed a criterion for the formation of the vortexes. These vortices are found to 
enhance mixing and turbulence, and thus, to augment heat transfer performance. 
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Numerous experimental and numerical studies have been conducted in the application of 
synthetic jets for cooling. 
 
Figure 1.1 Schematics of a synthetic jet [55] 
1.1 Experimental Study of Synthetic Jet Cooling 
          Chaudhari et al. [58] experimentally studied heat transfer characteristics of 
synthetic jet impingement cooling on a flat, heated wall using a speaker as the actuator 
[59]. Parametric studies of heat transfer coefficient have been conducted for various 
parameters, such as orifice diameter (5, 8, 14 mm), orifice thickness (1.6, 2.4, 5 mm), 
diameter of the cavity (110, 192.5mm), Reynolds number (1150-4180), and actuator 
frequency (100-350 Hz). It was found that the average heat transfer coefficient increased 
with an increase of the axial distance between the orifice plate and heated impingement 
block wall. Beyond a certain point it reduced. The maximum heat transfer coefficient was 
found to be 143 W/m
2
k at the resonance frequency (250 Hz). They found that thinner and 
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shorter orifice plates exhibited higher heat transfer performance. Using the same test 
facility, Chaudhari et al. [60] further investigated the effect of orifice shape in synthetic 
impingement cooling. They conducted experiments by changing the aspect ratio (1-5.25) 
of rectangular orifices with the same hydraulic diameter (8mm) and found that the 
rectangular orifice with a higher aspect ratio generally exhibited lower heat transfer 
performance. Slit orifices with different hydraulic diameters (3.8, 5.58, 8mm) were also 
tested and average heat transfer coefficients were found to monotonically decrease with 
an increase of axial orifice-plate distance, a behavior that is different from the that of 
circular and square orifices. The heat transfer performances of four different orifice 
shapes (circular, square, rectangular, and slit) were compared and the square orifice shape 
was found to outperform the others. In addition, Chaudhari et al. [61] explored multiple 
orifice effects on the improvement of synthetic jet impingement. The heat transfer 
coefficients of the satellite orifices were measured with a larger circular orifice in the 
middle with several smaller circular orifices around it. A peak heat transfer coefficient 
(159 W/m
2
k) was obtained with a 5 mm round orifice in the center and eight 3 mm round 
orifices around it. This was 30% higher than that of a single round orifice in the center. It 
was found that the heat transfer coefficient was characterized by two peaks with increases 
of axial distance for the satellite orifice, compared to the single orifice. By adding the 
fans in the duct, Chaudhari et al. [62] investigated heat transfer performance of synthetic 
jet impingement in cross flow. The width of the duct had little effect on the heat transfer 
performance. The maximum heat transfer coefficient (134 W/m
2
K) was obtained with a 
combined cross flow and synthetic jet which was much higher than that with cross flow 
only, but lower than that with synthetic jet impingement only. 
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       Pavlova et al. [63] fabricated a synthetic jet using a piezo disk with a diameter of 
30.2 mm and studied the heat transfer characteristics of jet impingement cooling on a 
copper disk with a diameter of 12.7 mm and a thickness of 6 mm. It was found that high 
frequency jets (1200 Hz) were more effective at smaller axial distances between the 
orifice plate and the copper disk while lower frequency jets (420 Hz) were more effective 
at larger axial distance. They also compared synthetic jets to the continuous jets at the 
same Reynolds number and found that synthetic jets were three times more effective in 
cooling. Using the Particle Image Velocimetry, they claimed that this interesting 
phenomenon was associated with the accumulation of vortex rings and breakup to smaller 
structures. 
       Garg et al. [64] fabricated a meso-scale synthetic jet with a rectangular orifice of 
hydraulic diameter 0.85 mm. This jet can provide a maximum velocity of 90 m/s at a 
frequency of 4400 Hz. The cooling performance of the synthetic jet was tested at 
different frequencies using a square heater with dimensions of 14 mm × 14 mm. They 
found that the cooling performance did not change much with an increase of driving 
voltage (50, 70, 90 VRMS). The maximum heat transfer coefficient they obtained was 
approximately 240 W/m
2
K, which was about 10 times that obtained by natural 
convection. Utturkar et al. [65] studied the heat transfer performance of a pulsating jet 
with a peak velocity of 45 m/s at a resonance frequency of 4500 Hz. The measured 
coefficient of performance, COP, of the synthetic jet was found to be about 10.  
            Arik [66] measured local heat transfer coefficients of high-frequency synthetic jet 
impingement with a square orifice of 1 mm driven at a resonant frequency of 4500 Hz. It 
was applied to cool a flat surface. The heat transfer coefficients were found to be between 
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4 and 10 times those of natural convection. The noise of the jet was found to be as large 
at 73 dB, but it can be decreased to as low as to 30 dB using abatement techniques [67]. 
           Wang et al. [68] presented a microelectromechanical system (MEMS) device used 
in the cooling of printed wiring boards (PWB). The device was able to provide a peak jet 
velocity of 14 m/s with a low actuator power of 60 mW. They [69] further investigated 
the heat transfer effect of different parameters such as fluidic channel dimensions, jet 
locations and Reynolds number. It was found that the measured heat transfer coefficient 
decreased with an increase of distances from the jet exit at different exit widths.  
          Go and Mongia [70] conducted heat transfer experiments of synthetic jets 
combined with a cross flow in a long duct. The width of the duct was fixed (85mm) with 
variable heights (7.5, 10 mm). A 5 × 5 array of 25 heaters was mounted downstream 360 
mm from the exit. Each heater was 10 mm × 10 mm square with 5 mm gaps between 
them. It was demonstrated that the entrainment produced by the synthetic jet played an 
important role in slowing the bulk flow, causing “dead zones.” The cooling performance 
was found to be enhanced by 25% with the synthetic jet. Qayoum et al. [71] reported 
detailed flow and heat transfer measurements of interactions between a synthetic jet and a 
laminar flow. A maximum heat transfer enhancement of 44% was obtained.         
        Valiorgur et al. [72] explored the mechanisms of synthetic jet impinging heat 
transfer for a small jet-to-surface spacing of about 2. The synthetic jet was designed with 
a circular orifice (diameter is 5 mm) driven by a speaker actuator. The average Nusselt 
number was described as a function of Reynolds number (1000-4300) and the constant 
value of Nu/Re
n
 was obtained where the exponent, n, was 0.32 0.06. Gillespie et al. [73] 
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conducted heat transfer experiments of synthetic jets impinging on a constant flux flat 
plate (75 mm × 20 mm). The orifice of the synthetic jet was a 1 mm × 25 mm long slot 
driven at the frequency of 100-600 Hz. It was observed that the spanwise distributions of 
local time-averaged Nusselt numbers exhibited a Gaussian trend and became more flat 
with increasing jet-to-surface spacing. The synthetic jet was found to be less effective in 
the far-field due to the weakness of penetration of the boundary layer.  
             Mahalingam et al. [74-76] designed a synthetic jet ejector heat sink and tested its 
thermal performance. Thermal resistance of the heat sink can be reduce from 3.15 °C/W 
to 0.76 °C/W by adding the synthetic jet. It was found that the heat sink was able to 
dissipate heater power of 59.2 W with less than a 70°C temperature difference. The heat 
sink with a synthetic jet was measured to dissipate about 40% more heat compared to 
steady flow in the channel. 
1.2 Numerical study of Synthetic Jet impingement Cooling 
           In addition to experimental studies on synthetic jets, numerous publications 
focused on numerical investigation of heat transfer introduced by synthetic jets using 
Computational Fluid Dynamics (CFD). Jagannatha et al. [77] presented a two-
dimensional numerical model to study the unsteady behavior of synthetic jets using the 
commercial CFD solver Fluent. The oscillating diaphragm was defined as a moving wall 
with a turbulence model of shear-stress-transport (SST) k-ω. They compared the velocity 
distribution near the orifice with the experiment and found good agreement. In addition, 
computational results successfully predicted vortex formation and vortex shedding near 
the orifice. It was found that heat transfer performance of a synthetic jet was highly 
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dependent on the amplitude and frequency of diaphragm movement. Compared to natural 
convection, the heat transfer coefficients were about 20 to120 times higher with the 
application of synthetic jets. It was also found that synthetic jets outperformed continuous 
jets in the same Reynolds number with an increase of 30% in the cooling performance. 
              Navaratnam et al. [78] developed a novel moving-grid methodology to explore 
the interaction between one single synthetic jet and cross flow. The unsteady behavior of 
a single, two-dimensional synthetic jet interacting with a turbulent boundary layer was 
investigated by solving unsteady, Reynolds-averaged Navier-Stokes (RANS) equations. 
The numerical results were consistent with the experiments by NASA Langley Research 
Center and this methodology was said to be useful for investigating synthetic jet flow 
fields. Dghim et al. [79] numerically investigated the effect of the amplitude and 
frequency of synthetic jets in the application of boundary layer control. They used an 
unsteady realizable k-ε turbulence model in Fluent and found that the computational 
formation of the counter-rotating-vortex pair (CVP) was consistent with the experimental 
results. Zhou and Wang [80] explored the fluidic dynamic characteristics of synthetic jets 
using a two-dimensional Reynolds-Averaged Navier-Stokes model. It was indicated that 
the diameter of the orifice is an important parameter for a synthetic jet and the diameter 
of the cavity affects the decay of the jet centerline velocity. An optimum combination to 
obtain the maximum jet peak velocity was obtained between the orifice thickness and the 
cavity depth using this model.  
             Chandratilleke et al. [81] studied the thermal performance of a synthetic jet 
microchannel hybrid heat sink using unsteady Reynolds-Averaged Navier-Stokes (RANS) 
equations with the turbulence model of Shear-Stress-Transport (SST) k-ω. It was found 
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that the thermal enhancement by the synthetic jet showed an increasing trend with 
increases of the cross flow velocity. The heat transfer rate with a synthetic jet and cross 
flow was observed to be 60 times of that with pure natural convection in the channel and 
4.3 times that with cross flow only. 
           Beratlis and Smith [82] proposed cooling of a one-dimensional Vertical Cavity 
Surface Emitting Laser (VCSEL) using a synthetic jet actuator. A MATLAB 
optimization routine was used to find the case having the best thermal performance. It 
was indicated that the optimum configuration results were about 49.2% higher than those 
of the original prototype for an operating frequency of 350 Hz. 
            Behera et al. [83] numerically studied heat transfer enhancement using interrupted 
impinging jets. They tested sine and square wave pulsations with Reynolds numbers of 
5130-8560 and frequencies of 25-400. The average Nusselt number of the square wave 
jet was found to increase by 12% in the stagnation zone and 35% in the wall jet zone, 
while with a sine wave jet the increase was only 5% in the stagnation zone and 10% in 
the wall jet zone. It was also observed that the amplitude was more important than the 
frequency for augmenting heat transfer. A three-dimensional (3-D), unsteady, large eddy 
simulation (LES) was proposed to study the synthetic jet thermal management of a 
printed wiring board (PWB) [84].The computational phase-locked velocity was compared 
to the hot-wire measurements and good agreement was observed. The temperature 
distributions of the device top surface were also consistent with infrared data.  The 
average heat transfer coefficient was found to be 123 W/m
2
K. This CFD model was 
found to be able to solve synthetic jet flow and heat transfer problem. 
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          Gerlach et al. [85] fabricated a device to dissipate 5 W for a 3-D stacked chip using 
solid spreaders and synthetic jets in a 27 mm × 38 mm region. It was found that the 
entrained cool air by the synthetic jet was very helpful for heat transfer and this device 
can reduce thermal resistance from that of the original design by 40%. Ervas and Baysal 
[86] computationally carried out a two-dimensional channel flow with synthetic jets 
impinging on a constant heat flux wall. By changing the position of the synthetic jet 
along the channel, the maximum heat transfer coefficient of 268.4 W/m
2
K was obtained. 
This was with the synthetic jet in the middle of the channel. They also studied heat 
transfer performance with two jets in the channel. A peak heat transfer coefficient of 
348.6 W/m
2
K was found in this case. Timchendo et al. [87-89] studied the flow and 
thermal fields of a two-dimensional micro-channel cooling system with a synthetic jet 
actuator using CFD. It was found that the operating frequency of the synthetic jet had 
very little effect on heat transfer enhancement.  
1.3 Acoustics of Synthetic Jet 
         The agitator plates and synthetic jets have been found to be very effective in 
enhancing heat transfer. However, these active devices, especially when they are 
operating at high frequencies, generate noise that adds to the noise of the traditional fans 
[90]. Seeley et al. [91] measured the sound intensity level of a synthetic jet operating at 3-
5 kHz and found levels as high as 80 dB. Arik [67] fabricated a synthetic jet that is able 
to provide peak air velocities of 90 m/s from a 1.0 mm hydraulic diameter rectangular 
orifice. The synthetic jet was operated between 3.0 and 4.5 kHz and found to be effective 
in heat transfer enhancement. They measured the sound pressure levels as large as 73 dB. 
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These levels are too high and, thus, noise reduction is required for implementation of 
active devices. Mufflers are considered to be promising devices since they are not only 
effective in reducing noise levels but they also allow air to pass through the cabinet. 
Mufflers are widely used in exhaust systems of vehicles to reduce the noise generated by 
the engines. The principle of a muffler is to generate a reflected sound wave is different 
in phase from the incident sound wave [92]. The incident and reflected sound waves can 
cancel each other at specific frequencies. Those frequencies can be targeted by the 
muffler design. The circular expansion chamber geometry is one simple muffler design. It 
is generally made of three tubes with different diameters that generate a reflected wave 
due to a change in cross section of a circular tube [93]. The expansion chamber is easy to 
fabricate and its performance can be calculated analytically. A number of analytical, 
numerical, and experimental studies have focused on noise reduction performance with 
changes in the expansion chamber geometry. EI-Sharkawy et al. [94] investigated the 
effects of expansion chamber geometry on sound propagation and reflection in circular 
ducts. They found that the performance of an expansion chamber is greatly affected by 
the expansion ratio and the noise amplitude-frequency distribution, but is less affected by 
the chamber length. Kim et al. [95] used a Green’s function approach to analyze acoustic 
characteristics of a circular chamber with inlets and outlets situated at arbitrary locations 
on the chamber walls. The analytical results were found to agree with experimental 
results very well. It was also found that this method was easier than a modal expansion 
method in terms of the convenience of mathematical derivation. Selamet et al. [96] 
studied analytically, numerically, and experimentally the detailed effects of the chamber 
length on the acoustic attenuation performance of concentric expansion chambers. They 
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found that multi-dimensional waves are excited at all frequencies and they decay in a 
short distance. Denia et al. [97-98] studied the acoustic performance of an elliptical 
expansion chamber. They found that eccentricity had an important effect on acoustic 
performance. 
        In the present study, the synthetic jet is applied to a cooling module for high heat 
flux electronics. Heat transfer performance of synthetic jet impingement has been studied 
numerically and experimentally. A mock-up synthetic jet test facility was fabricated for a 
parametric study of its heat transfer performance and fluid mechanics. The CFD software 
ANSYS Fluent is used to simulate the synthetic jet flow combined with a channel flow to 
support the experiment. The fluidic power consumption of a synthetic jet is also studied 
to find the performance of this active device. The noise issue of the synthetic jet is 
researched last and some noise reduction methods are proposed and tested. 
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Chapter 2 Heat Transfer Enhancement of 
Synthetic Jets for in a Cooling Module 
 
        The present study deals with integration of a synthetic jet cooling scheme within a 
full-sized heat sink module and documentation of its heat transfer performance. An 
inclined synthetic jet design has been used to avoid the interference of the jet actuation 
parts with the fan that is used to drive flow through the heat sink channels. Numerical 
simulation is used to find the optimal design for the synthetic jets. The number of jets has 
been optimized without much of a penalty on the peak jet velocity. This study serves as a 
guide for effective integration of synthetic jet technology in cooling systems. 
2.1 Experimental Setup 
2.1.1 Heat Sink 
        The experimental set up consists of a 26-channel heat sink with a base area of 114 × 
89 mm (4.5 × 3.5 inches). The fin (channel wall) height is 23.6 mm and the fin thickness 
is 1.0 mm. An induced-draft suction system with a square-headed inlet is mounted on the 
heat sink to generate cross-flow, drawing air into the sides, through the channels, then out 
the center section. The setup simulates a fan with actual heat sink assembly used in 
electronics. The cross flow rate was measured using a laminar flow meter and an inclined 
manometer. The heat sink was heated from the bottom by a heat spreader with cartridge 
heaters inserted. A glass fiber insulation block was used to insulate the heat spreader 
from the bottom. The heat sink module was used to study cooling effects of various 
active devices such as synthetic jets and agitation plates.  
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Figure 0-1 
 
Figure 2.1 Heat sink showing finned channels 
 
2.1.2 Synthetic Jet Actuation Mechanism 
        The jet was actuated using a PITM manufactured piezoelectric stack. The stack was 
supplied with sinusoidal voltage input from a function generator having 180 volts (root 
mean square) and a resonance frequency of 700-750 Hz. The piezoelectric stack is held in 
a bow-actuator that transmits the vibrations to a carbon fiber piston mounted on a 
diaphragm. The oscillatory motion of the diaphragm over a cavity results in jets of air 
coming out of the opposite face through a series of orifices. The bow structure is used to 
amplify the vibration of the piezo stack to obtain the required amplitude for the 
diaphragm of the synthetic jet.  
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Figure 2.2 Piezo stack, bow actuator and driving piston assembly 
 
2.1.3 Wedge Platform 
        In the actual cooling module, the jet actuation parts interfere with the cross flow fan, 
which requires inclining the synthetic jet to avoid interference. 
 A wedge-shaped platform was designed for mounting the synthetic jet-actuator 
assembly on the heat sink with the objective of avoiding interference of the synthetic jet 
actuators with the cross flow fan while maintaining perfect alignment of the actuating 
piston over the orifices. It was ensured that this scheme raises the height of the through 
flow fan, minimally. Figure 2.3 shows a schematic description of the cooling module 
with the synthetic jets mounted in an inclined fashion.  
 A computational study was done to help understand the effects of various 
parameters, such as the orifice size and the length of fluid path, on the performance of the 
synthetic jet. This provided guidance towards designing the wedge in a manner that 
would keep the velocity losses minimal (compared to a flat cavity case) as peak jet 
velocity is an important factor for heat transfer performance. 
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Figure 2.3 Fluid path within the wedge showing the jet channel and orifice; above is the 
cavity and below is the module channel section. 
 
 
2.2 Numerical Simulation 
        Air damping on the diaphragm of the synthetic jet is the most important factor to 
determine the performance of the synthetic jet. Higher damping leads to smaller 
amplitude of oscillation. Decreased amplitude leads to reduced peak jet velocity. In the 
numerical simulation, air flow inside the cavity of the synthetic jet is simulated with a 
vibrating diaphragm. Power consumption is calculated to determine air damping. The 
commercial Computational Fluid Dynamics (CFD) software, ANSYS FLUENT [99] is 
used for the numerical simulation. 
2.2.1 Numerical model 
        In the numerical model, the fluid domain is extracted and simulated independently 
(Figure 2.4). When the diaphragm is moving toward the orifice, the air inside the cavity is 
pushed through the wedge platform hole and orifice to the channel environment for 
impingement cooling. The oscillating diaphragm of the synthetic jet is defined as a rigid 
moving wall using a layering dynamic mesh which can be realized with a user defined 
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function. The diaphragm is defined in the numerical simulation in such a way that it 
matches the real situation. Due to the symmetry of the problem, one unit could be 
computed to represent the whole module (Figure 2.5). Thus, the side walls of the cavity 
are defined as symmetric boundaries (Figure 2.5). 
 A three-dimensional, incompressible, time-dependent scheme was used to 
compute the flow. For each cycle, fifty time steps were calculated to capture the 
unsteadiness of the specific flow and for each time step the internal iterations were 
allowed to continue until the residuals reduced to 10
-6
. The surface-averaged static 
pressure on the diaphragm and the diaphragm velocity were recorded during each time 
step to obtain the instantaneous fluidic power using the equation: 
 
 P = p×V×A                                                          (1) 
 
where p is the surface-average static pressure on the diaphragm, V is the diaphragm 
velocity and A is the area of the diaphragm. The time-average power consumption for 
one cycle was computed for judging the design. 
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Figure 2.4 Fluid domain in the numerical simulation 
 
 
Figure 2.5 One unit in the numerical simulation 
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2.2.2 Numerical Study 
        In the numerical simulation, the dimensions of the cavity and the diaphragm were 
kept constant since the synthetic jets were driven by the same actuator. The dimensions 
of the orifices were also kept constant. The different shapes of the flow path based on 
different wedge shaped platforms were studied in search of an optimum configuration. 
Table 2.1 shows the basic dimensions, which did not change in the numerical simulation. 
A wedge-shaped platform with a long slot flow path was considered first, due to the 
simplicity of the structure. The effect of the length of the flow path was studied first. The 
long slot case (40 mm) was compared with the short case (10 mm) (Figure 2.6). It is 
found that the longer flow path increased the power consumption due to the extra friction 
with the walls. Thus, in the actual design, the length of the flow path should be as small 
as possible. The length of the flow path was chosen as 10 mm, considering the 
manufacturability. A tetrahedral mesh was used for the simulation. The number of 
elements was about 0.3 million. 
Table 2.1 Dimensions of the orifices and the cavity 
 
orifice dimension 1 × 1 mm2 
orifice thickness 1 mm 
number of orifices 25 
cavity size 30 × 100 mm2 
cavity thickness 10 mm 
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Figure 2.6 Comparison between the long slot and short slot 
 
Table 2.2 The performances of wedge platform with long slot and short slot 
 
 Long slot Short slot 
Cross area 2 × 100 mm2 2 × 100 mm2 
slot length 40 mm 10 mm 
power 1.59 W 1.45 W 
 
        Although the wedge shaped platform with a slot flow path has the simplest structure, 
it is difficult to fabricate. The cylinder design was considered, since it is easier to 
fabricate by drilling multiple holes on the wedge-shaped platform. The cylinder design 
was compared with the slot design (Figure 2.7) to verify that the cylinder design would 
not increase fluid damping excessively. It was found that the fluid power consumption 
levels for these two designs are almost the same, under the same conditions (Table 2.3). 
As a result, the cylinder design was chosen due to the ease of fabrication. 
 The effect of diameter of the cylinder on air damping was studied. Figure 2.8 
shows power consumption of three cases. It can be seen that the diameter of the cylinder 
is not an important factor on air damping within the range studied.  
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 After the numerical simulation, the final dimensions were decided (Table 2.4). On 
the inclined face of the wedge were 2.5 mm diameter orifices. A plate with 0.9 mm 
square orifices was inserted in the groove engraved at the bottom of the plate. The path 
length for the fluid to travel was 10 mm. This configuration resulted in a jet angle of 62 
degrees with respect to horizontal. 
 
Figure 2.7 Comparison between the slot design and the cylinder design 
 
Table 2.3 The performances of wedge platform with a slot and a cylinder 
 
 Slot design Cylinder design 
cross section area 2 × 100 mm2 3 mm hole diameter 
slot length 10 mm 10 mm 
power 1.45 W 1.47 W  
 
 
Figure 2.8 The power consumptions with different diameters of the cylinders 
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Table 2.4 Dimensional attributes of wedge platform 
 
Parameter Dimension 
Diameter of circular holes on the inclined face 2.5 mm 
Size of square orifice 0.9 mm ×0.9 mm 
Thickness of orifice plate 2 mm 
 
Length of fluid path 10 mm 
 
 
2.2.3 Experimental Results 
        Velocity tests were done to ensure that the peak jet velocities from the wedge match 
those of a flat cavity without the wedge platform. Tests were conducted using hot film 
anemometry with a TSI 1240 miniature hot film probe. The width of this probe was 0.9 
mm, thus ensuring that the jet flow out of the 0.9mm × 0.9mm square orifice completely 
covers the active length of the probe, resulting in accurate velocity measurements. Table 
2.5 shows the peak jet velocities from the wedge as well as from the flat cavity. Both 
cases had 25 0.9 mm x 0.9 mm square orifices. 
Table 2.5 Peak velocities of two cases with and without the wedge shaped platform 
 
Orifice No. 2 7 10 
Velocity from Wedge 38 m/s 39 m/s 35 m/s 
Velocity from Flat Cavity 44 m/s 43 m/s 41 m/s 
 
 It can be seen that the velocity from the wedge is not very different from that of 
the flat cavity, which indicates that the extra flow path length of the wedge platform 
didn’t increase the loss much. This may be because smaller orifices are the major sources 
of flow resistance for a synthetic jet. The longer flow path introduced by the slot in the 
wedge platform provides minimal flow resistance, which is good for the application of a 
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wedge platform. The wedge-jet configuration was then mounted on the heat sink for use 
in the system heat transfer tests. The heat sink base temperatures were measured using 
thermocouples located at various positions within the heat sink. These temperatures were 
averaged to obtain a heat sink base temperature. Also the air temperatures at the inlet to 
the heat sink and at the outlet of the induced draft fan (which simulates a cross flow fan) 
were measured using thermocouples. Since the module was well insulated from the sides 
and the bottom, heat loss was considered to be minimal. The heat transfer results are 
shown in table 2.6. The thermal resistance of the heat sink was calculated as: 
 
q
TT
R inbth

            (2) 
Where, q is the heat dissipated, calculated as,  
 
                                             )( inOutpair TTCmq                                                                       (3)  
 
Table 2.6: Heat transfer test results for a synthetic jet with 25 orifices mounted on 
the wedge platform 
 
Condition Cross flow rate 
(CFM) 
Tb 
(°C) 
Tin 
(°C) 
Tout 
(°C) 
Heater power 
(W) 
Rth 
(K/W) 
Cross Flow Only 62.5 100 23.2 49.3 900.2 0.086 
Cross Flow and 
Jets 
62.5 99.5 23.9 49.5 883.5 0.085 
 
 
 
       It can be seen that the improvement in thermal resistance is minimal. It was inferred 
that an increase in the number of jets shooting into one channel could improve the 
situation. However, an increase in the number of orifices might reduce the peak velocities 
of the jets, which would be detrimental for heat transfer. Thus, there was a need to 
increase the number of orifices and at the same time keep the penalty on the peak velocity 
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low. It is believed that the oscillatory motion of the diaphragm over the cavity sets up re-
circulating flows that may dampen the diaphragm motion. It has been reported that flow 
within the cavity reduces the amplitude of the resonating drive for the piston by as much 
as 40 per cent. This has a negative effect on the peak velocities. This re-circulation 
pattern can be weakened by offering more orifice area. The theory is that if the flow 
resistance to be reduced, the diaphragm amplitude would rise and the velocity would not 
fall as much as would be predicted by a simple mass conservation calculation based upon 
constant diaphragm amplitude. Velocity tests were done with a flat cavity jet with 
varying numbers of orifices to support this conclusion. Table 2.7 shows the results of 
these tests. It can be seen that the drop in velocities with increasing number of orifices is 
not so large.  
 Thus, a wedge platform was designed with four rows of orifices. Also, the orifices 
were staggered so as to cool the adjacent faces of the fins simultaneously. It has also been 
reported in that a staggered configuration of jets is more effective in cooling than an in-
line configuration. Table 2.8 shows the heat transfer test results with such a configuration. 
It can be seen from table 8 that the thermal resistance of the heat sink module was about 
0.084 K/W with the cross flow and the synthetic jet operating together. This amounts to a 
total heat load removal of about 50 watts by the synthetic jets alone. 
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Table 2.7: Peak jet velocities with orifice plate of 100 (4 rows – upper lines) and 125 
(5 rows-lower line) of orifices 
 
Column Row 1 Row 2 Row 3 Row 4 Row 5 
13 38 m/sec 
39 m/sec 
36 m/sec 
37 m/sec 
37 m/sec 
36 m/sec 
36 m/sec 
34 m/sec 
 
31 m/sec 
10 43 m/sec 
32 m/sec 
39 m/sec 
34 m/sec 
37 m/sec 
36 m/sec 
38 m/sec 
38m/sec 
 
35 m/sec 
 
 
Table 2.8: Heat transfer test results for synthetic jets mounted on the wedge 
platform (with 100 orifices) 
 
Condition Cross flow rate 
(CFM) 
Tb 
(°C) 
Tin 
(°C) 
Tout 
(°C) 
Heater power 
(W) 
Rth 
(K/W) 
Cross Flow Only 63.4 98.2 25.3 49.0 829.7 0.088 
Cross Flow and Jets 63.4 93.8 24.8 48.3 821.1 0.084 
 
 
2.3 Conclusions 
 In this study, synthetic jets were used in an inclined configuration for active 
cooling enhancement in a heat sink having fan-induced throughflow. An inclined 
configuration may be necessary in situations where the jet actuation parts interfere with 
other module components. Numerical simulations were done to design a platform to 
incline the jets with minimal loss of fluid power. The number of jets per channel of the 
heat sink was optimized for improved performance without penalizing on the peak jet 
velocity. For a four-staggered-jet-per-channel configuration, the thermal resistance was 
0.084 K/W in the presence of both synthetic jets and flow through. 
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Chapter 3 Numerical Simulation of 
Synthetic Jets with Channel Flow in 
Single Unit Module  
 
        In the present work, a heat sink cooling module combined with synthetic jet arrays is 
simulated physically and numerically. Though the heat sink has multiple channels, the 
present study focuses on a single channel. The synthetic jet arrays used in this channel are 
driven by two piezoelectric stacks. Heat transfer performance characteristics with the 
synthetic jets and the single channel flow are measured under various conditions. Also, 
numerical simulation is conducted to further investigate flow and heat transfer within the 
heat sink since it can provide information which is difficult to realize in the experiments. 
 
3.1 Experimental Study 
3.1.1 Heat Transfer Test Facility  
        The heat sink has 20 fins mounted on a 100 mm x 100 mm base. The fin height is 
16.5 mm with a thickness of 1.6 mm (Table 3.1). The distance between each two fins is 5 
mm. The air flow comes from the two ends of the heat sink, turns 90°, and exits from a 
20 mm x 90 mm opening in the middle. Because of the symmetry of each fin, a single-
channel heat sink test facility could be used to verify the whole 20-channel heat sink 
design (Figure 3.1). The exit of the channel is connected to a vacuum pump (Figure 3.2) 
so that a flow is generated through the channel. Synthetic jets are put on top of the 
channel to allow impingement on the fins, which are the side walls of the channel, to 
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enhance heat transfer performance. Two synthetic jet arrays of 2×10 jets (Figure 3.3) are 
driven by two separate piezoelectric stacks (model P-007.40 of the PI Co.). Each orifice 
is a 0.9 mm x 0.9 mm square. The synthetic jets are operating at 1250 Hz having a peak 
velocity of about 44m/s. The temperatures of the fin walls and air inlet temperature are 
measured using E-type thermocouples (Omega, 5TC-TT-E-40-36). The heat transfer test 
facility is heated by using a Kapton heater in the base which is powered by a DC power 
supply. The input power is determined as the product of voltage and current to the heater. 
The heat transfer performance of the heat sink is evaluated by its convective heat transfer 
coefficient defined as: 
   ( )h q A T                                                                 (1) 
where q is the power input to the heater and A is the cooled surface area. The temperature 
difference, ∆T, is the channel log mean temperature difference [17] defined as: 
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                                             (2) 
The temperatures of the inlet air and the fins are measured by thermocouples and the 
temperature of the outlet air is calculated using an energy balance, then verified by 
thermocouples. 
3.1.2 Uncertainty Analysis 
        The uncertainty values of the heat transfer coefficients in this test come from 
uncertainties in the measurements of temperature, flow rate, and heater power. The 
uncertainty of the temperature measurement from the thermocouples is 0.5°C over a 
22~63°C range. The uncertainty of the thermocouple location measurement is very small 
(within 1.0 mm over a 11.0 mm range). The uncertainty for DC voltage is 0.1 V over a 20 
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V range and for DC current is 0.01 Amps over a 1.00 Amp range. The uncertainty for the 
flow rate measurement is less than 1.0 %. The estimated bias error and the calculated 
precision error of the heat transfer coefficients are 5.4% and 3.7%, respectively. By 
assuming that each component of uncertainty is independent and using the propagation 
method of Kline and McClintock [100], assuming that the estimated bias error is equally 
likely to be low as high, we compute the overall uncertainty for the heat transfer 
coefficient to be 7% with a 95% confidence interval. The repeatability of the 
experimental results has been checked by repeating the same experiment three times. The 
overall difference is found to be within 5%, which showed that the test setup can be 
considered to be repeatable.  
3.1.3 Results and Discussion  
        The thermal performance of the heat sink was measured with and without synthetic 
jets operating to obtain the heat transfer enhancement effected by the synthetic jets. Table 
3.2 shows the enhancement by the synthetic jets under cases of different z distances 
(between the orifice plate and the fin tip). The channel flow inlet velocity is constant at 8 
m/s. It is observed that the heat transfer coefficient increased by 22% when the synjets 
were activated and the orifice-plate-to-fin-tip distance was 2 mm. The enhancement is 
found to decrease with an increasing distance between the orifice and fin tip, which is due 
to a weakening synthetic jet flow in the fin tip region. 
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Figure 3.1 Schematic of the heat transfer test facility 
 
 
 
Figure 3.2 A picture of the heat transfer test facility 
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Figure 3.3 Front view and part of the side view of the test section 
 
Table 3.1 Values of various parameters 
 
Symbol Name Value 
d Square orifice side length 0.9 mm 
f Synthetic jet diaphragm 
frequency 
1250 Hz 
z Jet to stagnation point distance 3 mm 
S Two jets spacing 3 mm 
t Fin thickness 1.6 mm 
L Fin length 16.5 mm 
U Cross-flow velocity 8 m/s 
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V Jet peak velocity 44 m/s 
W Channel width 3.4 mm 
 
 
Table 3.2 The measured heat transfer coefficients 
 
z 2 mm 3 mm 4 mm 
Channel flow 115 w/m
2
k 105 w/m
2
k 110 w/m
2
k 
Channel flow + jets 140 w/m
2
k 123 w/m
2
k 121 w/m
2
k 
increase 22.10% 16.90% 10.20% 
 
3.2 Numerical Simulation 
3.2.1 Numerical Model 
        In this section, the numerical simulation of heat transfer enhancement by synthetic 
jets in the heat sink is introduced to further investigate the behavior of the synthetic jet 
flow within the channel. The geometry of the numerical model is exactly matched with 
the experimental setup and the numerical model is validated by comparing with the 
experimental results. The moving diaphragm, which is driven by the piezoelectric stack 
in the experiment, is modeled as a moving wall by using a layering dynamic mesh in the 
commercial computational fluid dynamics (CFD) software (ANSYS FLUENT) [18]. 
Each time the diaphragm changes its position; the software updates the meshes and 
calculates the flow. The inlet of the channel flow is defined as a constant velocity 
boundary with a constant air temperature (27 °C). The values of the inlet velocity are 
given by matching the flow rate with that of the experiment. All the convective walls of 
the fin are defined as constant temperature boundaries held 10 °C higher than the inlet air 
temperature. In the computation, three-dimensional, incompressible, time-dependent 
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Reynolds-Averaged Navier-Stokes equations (RANS) are solved with the shear-stress-
transport (SST), k-ω turbulence closure model. First-order, implicit, Euler discretization 
is used for the time model. The second-order upwind scheme is employed for other terms 
in the momentum and energy equations. The Semi-Implicit Method for Pressure Linked 
Equations (SIMPLE) algorithm is employed for pressure-velocity coupling. For each 
oscillation cycle, the program runs 50 time steps (1.6×10
-5
 s for each time step) and the 
internal iterations continue until the residuals have been reduced to 10
-6
. One specific 
case was run under different mesh sizes to validate grid independence and minimize 
computational error. The average heat transfer coefficients of the round tip, side walls, 
and all convective surfaces (sum of the two) are compared with various numbers of mesh 
cells (Table 3.3). The results show good convergence with a maximum difference of less 
than 5%. The numerical model is further validated by comparing its results with the 
experiments for one specific case. The dimensionless number, Nusselt number (Nu = 
havgDh/k), is used to make the comparison. The geometry and jet velocity are matched 
between experiments and computations. Good agreement is shown in Figure 3.4 with a 
maximum difference of less than 10%. 
3.2.2 Parametric Study of Synthetic Jet Heat Transfer 
Enhancement when Operating in a Channel Flow 
        A parametric study of synthetic jet behavior when operating in a channel flow is 
developed using the numerical model. The synthetic jet is operating at 1250 Hz and the 
jet orifice plate is 3mm away from the fin tip. The Reynolds number of a synthetic jet 
(Re_jet) is calculated using jet peak velocity, V, and its hydraulic diameter (0.9 mm). The 
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Reynolds number of the channel flow is calculated using channel flow velocity, U, and 
the channel hydraulic diameter. 
The effects of jet peak velocity when operating at the same channel flow velocity. 
The amplitude of diaphragm movement is changed while the frequency is held constant 
at 1250 Hz to obtain different peak jet velocities (V = 0 - 60 m/s, Re_jet = 0 - 3715). The 
jet velocity, V, is zero when the jet is not operating and only channel flow exists. The 
heat transfer coefficient in the tip region is found to increase significantly with increases 
of jet velocity (Figure 3.5). An increase of 413% over the channel flow only case was 
observed with a peak jet velocity of 60 m/s (Re_jet = 3715) and a channel flow velocity 
of 4 m/s (Re_channel = 1451). Heat transfer coefficients on the side walls were found to 
increase also with increases of the jet velocity. However, the rate is much smaller than 
seen in the tip region. The jet had a lower influence on heat transfer when the velocity of 
the channel flow was increased. The influence of the synthetic jets was found to mainly 
be near the tip region and the enhancement is better under lower channel flow velocity 
conditions. 
The effect of channel flow velocity at the same peak jet velocity. In this study, the 
channel flow velocity is varied (U = 4-16 m/s, Re_channel = 1451-5805) while the 
synthetic jet conditions are fixed. The heat transfer coefficients in the tip region are found 
to be not sensitive to changes of channel velocity except in cases with low jet Reynolds 
numbers (i.e. 536, Figure 3.6). The reason is that the synthetic jet plays a dominant role 
when its velocity is large compared to channel flow velocity. However, the impinging 
flow of the jet will be carried away by the channel flow when the jet is relatively weak. 
The heat transfer coefficients on the side walls were found to increase significantly with 
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increases of channel flow velocity, compared with increases of synthetic jet velocity 
(Figure 3.5), which indicates that channel flow plays a more important role in this region 
than does jet flow. The flow of the synthetic jets is carried away by the channel flow in 
the side wall region under these conditions. 
The effects of changing distance between the orifice plate and the fin tips. The inlet 
velocities are kept the same from case to case in this study. The frequency of the 
synthetic jet is held constant (1250 Hz) and the amplitude of oscillation is changed to 
generate changing peak jet velocities. The distance between the orifice plate and the fin 
tip is changed from case to case to determine the effects on heat transfer performance. It 
is observed that the heat transfer coefficients on the different surfaces show similar trends 
(Figure 3.7). The heat transfer coefficients are nearly the same though the z distance is 
changed, if the peak jet velocity is small. The heat transfer coefficient rises with smaller 
z-distances when the jet velocity is large. The synthetic jet flow is more influential on the 
overall heat transfer performance if the jet is put closer to the fin, for it is less inclined to 
be carried away by the channel flow.  
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Figure 3.4 Comparison of average Nusselt numbers between experiment and numerical 
simulations 
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Figure 3.5 Average Nusselt numbers for cases with different jet velocities; top - round 
tip, middle - side wall, and bottom - all walls, round tip and side walls  
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Figure 3.6 Average Nusselt numbers for cases with different channel velocites; top - 
round tip, middle - side wall, and bottom - all walls, round tip and side walls  
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Figure 3.7 Average Nusselt numberss for cases with different z/d; top - round tip, middle 
- side wall, and bottom - all walls, round tip and side walls  
 
 
Table 3.3 Heat transfer coefficients with different grid sizes: grid independence study 
 
 
Number of 
cells 
havg of round tip 
(W/m
2
K) 
havg of side walls 
(W/m
2
K) 
havg of all surfaces 
(W/m
2
K) 
0.5 million 120.2 90.4 91.5 
0.9 million 120.3 90.3 91.2 
1.5 million 121.5 91.7 92.7 
2.5 million 121.9 92.7 93.5 
 
3.3 Conclusions 
         Heat transfer enhancement using synthetic jet arrays in heat sinks for electronics 
cooling was investigated experimentally and computationally. A heat transfer test facility 
was fabricated to measure this heat transfer enhancement. The synthetic jets are driven by 
two piezoelectric stacks which are operating at a resonance frequency of 1250 Hz to 
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provide a peak velocity of 44 m/s. The measured overall heat transfer enhancement is 
found to be more than 20%, based on heat transfer coefficients for the channel flow only.  
        A numerical model was first validated by comparing its results to the experimental 
data. It was then used for a parametric study of the interaction between synthetic jet flows 
and channel flows. It was found that the heat transfer coefficients of the fin tip region 
were increased significantly by synthetic jets and channel flow had little effect on this 
region. A maximum heat transfer enhancement of 400% has been found by turning on the 
synthetic jets in the channel flow. The channel flow was found to be more effective in 
cooling the fin side walls. Synthetic jets were found to have more influence near the fin 
tip region and were not able to penetrate much further, due to interaction with the channel 
flow. The heat transfer increase in this region by the synthetic jets is less than 10%. 
Finally, a study of the effects of distance between the jet orifice plate and the fin tip also 
showed that synthetic jets can be more effective in cooling the fin tip region. 
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Chapter 4 Mock-up Experimental Study 
of a Synthetic Jet Impinging Cooling 
         
        A mock-up synthetic jet test facility has been fabricated for both fluid mechanics 
and heat transfer study of synthetic jet impingement cooling. The mock-up facility has 
been built geometrically and dynamically similar to the actual synthetic jet. As a result, 
the experimental data obtained from the mock-up test facility can be transformed to the 
actual case and guide the actual design. The dimensional analysis is introduced to 
document the comparison between the mock-up module and actual module.  
        Using the mock-up test facility, the flow fields of the synthetic jet impingement are 
documented under various conditions; the unsteady velocity and the turbulence are 
measured using a Laser Doppler Anemometer (LDA); the cooling performances of a 
synthetic jet impinging on a fin are obtained under various conditions (e.g. orifice shapes 
and operating frequencies) 
4.1 Dimensional Similarity 
        The actual synthetic jet is operating at a very high frequency (around 1000 Hz) and 
the scale is very small (around 1 mm) which is a difficult size and speed combination for 
detailed measurements. A mock-up synthetic jet, which is dynamically similar to the 
actual jet, is fabricated to study the flow characteristics and its cooling performance when 
it is applied to an electronics module (Figure 4.2.1). The mock-up synthetic jet is 
designed to be dynamically and geometrically similar to the actual-size module by 
matching Reynolds number, Stokes number, and Prandtl number using a scale factor of 
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44. Table 4.1.1 compares some parameters of the actual setting and the mock-up setting. 
By keeping Reynolds number the same (Reavg = ρUavgd/µ), the velocity is 1/44 of the 
actual velocity and by matching Stokes number (S = (ωd2/ν)1/2), the frequency is 1/442 of 
the actual frequency, which makes it easy to drive. 
   
 
Figure 4.2.1 Mock-up synthetic jet (44 times actual jet) 
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Table 4.1.1 Comparison between large scale and actual scale in one specific case 
Symbol Name Large scale value Small scale value 
d Synthetic jet orifice diameter 44 mm 1 mm 
f Synthetic jet diaphragm 
movement frequency 
0.63 Hz 1220 Hz 
Umax Jet peak velocity 1.14 m/s 50 m/s 
z Jet to Stagnation point 
distance 
3 mm 132 mm 
R Radius of the fin 1.1 mm 48 mm 
L Length of the fin 2.2 mm 96 mm 
W Width of the fin 2.0 mm 90 mm 
 
4.2 Experimental Test Facility 
        A mock-up heat transfer test facility is fabricated to study the characteristics of 
synthetic jet impingement cooling for application to an electronics cooling module. The 
heat transfer performance values of different orifice shapes at different frequencies of 
diaphragm movement are measured (Figure 4.2.2). The whole test facility is made of 
three parts: the dynamic motion system to drive the diaphragm of the jet, the chamber, 
and the test section. Each part will be introduced in detail in the following pages. The 
picture of the whole test facility is shown in Figure 4.2.3. 
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Figure 4.2.2 The schematic drawing of the whole test facility 
 
               
Figure 4.2.3 The picture of the whole test section 
 
4.2.1 Driving System 
            A cam mechanism (Figure 4.2.4) is used to create sinusoidal movement to drive 
the diaphragm of the synthetic jet. An eccentrically mounted round plate of 152 mm (6 
inches) diameter rotates to push another round plate, which is placed normal to the 
rotating cam. A spring is utilized to keep the moving plate always in touch with the 
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rotating plate. Since the vertical plate is always tangent to the round plate, the 
displacement of the plate, which is here defined to be the same as the axial distance from 
the center of the plate to the center of its rotation, is X=A×cosθ, which is the same as the 
actual synthetic jet driving mechanism. 
 
Figure 4.2.4 A cam design of the driving system 
        The chamber is well sealed, except for the orifice, so an unsteady flow is produced 
when the diaphragm moves back and forth to simulate a synthetic jet diaphragm. The 
rotation is driven by a DC Gearmotor (Dayton, Model 4Z381A). The motor is controlled 
by a DC speed controller (Dayton DC Speed Control, Model 5X412D). The controller 
supplies a speed range of 0-96 rpm.   
4.2.2 Chamber Design 
         The chamber is made of a plastic tube with a thickness of 2 inches. A round piece 
of rubber is mounted in the back of the plastic tube which is driven by a piston with 
sinusoidal movement to simulate the movement of synthetic jet diaphragm (Figure 4.2.5). 
A 2-inch thick plastic plate is inserted and glued to the plastic tube in the front with a 
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shoulder to allow different plastic plates with different orifices arrangements to be easily 
mounted (Figure 4.2.6 and 4.2.7). 
 
Figure 4.2.5 A schematic drawing of the chamber design 
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Figure 4.2.6 Different plastic plates with different orifices 
 
  
Figure 4.2.7 Two different rotation positions for the star shaped orifice 
 
4.2.3 The Test Section 
            The test section is in front of the synthetic jet (Fig. 4.2.8). It consists of four 
identical aluminum units (Fig. 4.2.9) with wood between each two units. This test facility 
is used to study the cooling performance of one segment or two segments of the test wall. 
If it is applied to study heat transfer performance of two segments, the two segments at 
the sides of the test segment are the guard sections. If it is used to study cooling 
performance of one segment, one of the two middle segments is regarded as a guard unit. 
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In this experiment, the cooling performance of one segment is investigated. The 
temperatures of guard sections are adjusted to be the same as that of the test section to 
minimize heat transfer between the test section and ambient air. A thick piece of wood 
downstream of the two middle units is used to insulate the heaters from the ambient air 
downstream of the body (see Fig. 4.2.8). All four units are held by two threaded rods that 
are made of nylon to minimize the heat transfer between units. A rod heater is inserted 
into each unit. The power is measured using a multimeter that can be controlled by 
adjusting voltage input from the DC power supply. The heat flux range is between 0.007 
W/cm
2
 and 0.016 W/cm
2
. The surface temperature is measured with K-type 
thermocouples mounted at two sides of each unit providing a spatially-averaged 
temperature over all convective surfaces. An identical thermocouple is mounted near the 
jet orifice to measure the ambient temperature taken to be the jet, or sink, temperature. 
The average heat transfer coefficient is defined as follows: 
            
( )
avg
s air
q
h
T T A


                                                    (4.1) 
            
q VI
                                                            (4.2) 
where q is the power input to the heater, a product of voltage and current.  
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Figure 4.2.8 Schematic drawing for the whole test section 
 
 
Figure 4.2.9 Schematic drawing for one unit of the test section 
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4.3 Heat Transfer Results and Analysis 
        The effects of different orifice shapes on heat transfer performance were studied for 
different frequencies (Figure 4.3.1). In the experiments, the distance between the test 
section and orifice plate was fixed (z = 132 mm). The amplitude of the diaphragm was 
held constant, thus providing a higher momentum flow with an increase of frequency.  
        The heat transfer coefficients and frequencies plotted on Figure 4.3.1 were scaled to 
the values of the actual module. Consequently, the heat transfer coefficients of the actual 
module are 44 times of the values obtained from the mock-up experiment and the 
frequency is 44
2
 times mock up value. The average heat transfer coefficient showed an 
almost linear increase with frequency for all documented orifices (Figure 4.3.1). A high 
frequency (2700 Hz) synthetic impinging jet can provide a heat transfer coefficient of as 
high as 650 W/m
2
K which indicates that the synthetic jet can be very effective for 
electronics cooling. A case with double circular orifices was found to outperform other 
cases.  
        The heat transfer coefficient of a single orifice with a smaller diameter was found to 
be higher than that with a larger diameter (Figure 4.3.2 (b)) as a result of higher velocity. 
The instantaneous, spatial-average velocity is larger with a smaller orifice when the 
amplitude and frequency are fixed. The heat transfer coefficients of the star-shaped 
orifices are found to be close to those of other qeometries (Figure 4.3.2 (c)). The 
comparison between one circular orifice and two circular orifices is shown in Figure 
4.3.2 (d). The heat transfer coefficients were found to be close to each other. The possible 
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reason is that the one circular orifice produced high heat transfer on the tip region but 
lower performance on the flat walls. However, the two circular orifice shapes provide 
low cooling effect on the round tip but high performance on the flat walls. The overall 
total-surface-average performances were close to one another. The details will be 
discussed using numerical simulation and velocity experiment in section 4.4 and 4.5 in 
this chapter.   
 
Figure 4.3.1 Surface average heat transfer coefficients as a function of frequency for 
different orifice shapes (all data are transformed to actual scale by matching the 
dimensionless numbers) 
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(a) Comparison of surface-average heat transfer coefficients between two circular 
and two square orifices 
 
(b) Comparison of surface-average heat transfer coefficients between circular orifices 
with different orifice diameters 
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(c) Comparison of surface-average heat transfer coefficients between star orifices 
with different direction 
           
(d) Comparison of surface-average heat transfer coefficients between one circular and 
two circular orifices 
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(e) Comparison of surface-average heat transfer coefficients between two square and 
two slot orifices 
Figure 4.3.2 (a)-(e) Comparison of heat transfer coefficients between some specific 
orifice shapes (The diaphragm amplitude are held constant). 
 
        Another study is to investigate the two slot orifice shape with different designs. The 
dimension of the one slot is 10 × 80 mm
2
. The spacing between the two slots is the only 
changed parameter (Figure 4.3.3) for this study. Four cases have been tested and 
compared (S = 24 mm, 48 mm, 72 mm, and 96 mm). The heat transfer coefficients for the 
four cases at different frequencies are shown in Figure 4.3.4. It is found that the heat 
transfer coefficients increase almost linearly with increases of frequencies for the three 
cases with a spacing of 24 mm, 48 mm, and 72 mm. For the case with spacing of 96 mm, 
there is an obvious transition near the frequency of 1429 Hz. In addition, the heat transfer 
coefficients are close to one another for the all four case at the lowest frequency of 728 
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Hz, which indicates that the heat transfer coefficient is not sensitive to the orifice shape at 
low frequencies. The flow visualization is used to support the heat transfer results, which 
are discussed in section 4.5 of this chapter. The cooling mechanisms of the two-slot 
orifice can be categorized as following:  
(1) The two flows merge into one bulk flow upstream of the round tip, which is like an 
impinging flow: The round tip has a high heat transfer coefficient, but the flat wall has a 
lower heat transfer coefficient. 
(2) The two flows merge downstream of the fin, which is like two wall jets: The flat wall 
has a high heat transfer coefficient, but the round tip has a low heat transfer coefficient. 
(3) The merging point is near the round tip (most flow covers the fin region): the two 
flows from the two orifices are impinging on the whole fin. 
        Flow visualization (Figure 4.3.5-4.3.10) show that the cooling mechanisms are as 
summarized in Table 4.3.1. For the cases with S values of 24 mm, 48 mm, and 72 mm, 
the cooling mechanisms are found to be consistent with one another which indicate a 
linear relationship between the heat transfer coefficient and the frequency. For the case 
with spacing of 96 mm, the cooling mechanism changes at the frequency of 1429 Hz, 
which explain the transition of the heat transfer coefficient. Since the two flows are more 
cooling mechanism 3, relatively higher heat transfer coefficients are expected, relative to 
those of the other two cooling mechanisms. As a result, the 96 mm case has relatively 
higher heat transfer performance when the frequency is less than 1429 Hz. 
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Figure 4.3.3 The dimension of the two slot orifice 
 
Figure 4.3.4 Surface-averaged heat transfer coefficients for the two slot orifices with 
different designs 
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Table 4.3.1 Cooling mechanisms of different cases 
 
 
 
Figure 4.3.5 Flow visualization of all four shapes at a frequency of 728 Hz 
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Figure 4.3.6 Flow visualization of all four shapes at a frequency of 1056 Hz 
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Figure 4.3.7 Flow visualization of all four shapes at a frequency of 1429 Hz 
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Figure 4.3.8 Flow visualization of all four shapes at a frequency of 1713 Hz 
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Figure 4.3.9 Flow visualization of all four shapes at a frequency of 2112 Hz 
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Figure 4.3.10 Flow visualization of all four shapes at a frequency of 2469 Hz 
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4.4 Flow Visualization 
         The unsteady flow generated by the synthetic jet has been visualized and recorded 
by a camera to document the characteristics of the synthetic jet flow. The flow fields of 
synthetic jets operating at different frequencies have been compared. The flows of the 
synthetic jets with different orifice shapes have also been compared and documented. The 
flow field of the synthetic jet impinging on the fin is recorded and used to support the 
heat transfer measurement (e.g. explains why synthetic jets with different orifices have 
different heat transfer coefficients).   
        A fog generator (Figure 4.4.1) is used to generate particles for flow visualization. 
The chamber is first filled with particles by the fog generator, then the synthetic jet is 
turned on and the flow is driven out of the orifice to give seeding particles. The particles 
are light enough to go with the flow, which makes the flow visible. At the same time, the 
camera records the movement of the particles to visualize the flow field. The picture of 
each frame is extracted from the video and put together, which is easier to document than 
the video. The interval of time between each two frames is 0.04s. A blackboard is put 
behind for better visualization of the whole process.      
4.4.1 Flow Visualization without Fin Insert 
4.4.1.1 Flow Visualization for Different Frequencies 
        The typical orifice shape (round one with a diameter of 44 mm) has been used to 
study the characteristics of synthetic jet flow with different frequencies (Figure 4.4.2 – 
4.4.4). Every frame of the flow field has been presented for one cycle. The interval 
between each two frame is 0.04 s. Cases of three different frequencies (0.56, 0.9, and 1.3 
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Hz) have been studied and compared. For the low frequency case (f = 0.56 Hz), a starting 
vortex can be clearly seen near the orifice when the diaphragm is starting to push flow 
out of the orifice over the first 10 frames (Figure 4.4.2). As the diaphragm continues to 
move towards the orifice, the vortex moves downstream entraining surrounding air. 
Finally, these vortices dissipate and the entire flow field is quiescent, because the sink 
flow (returning to orifice) is much weaker than the discharge flow and has little effect on 
the flow field far from the orifice when the diaphragm is moving away from the orifice. 
For the other two frequencies, a similar vortex development is found (Figure 4.4.3 and 
4.4.4). However, for the high-frequency case (f = 1.3 Hz), movement of the diaphragm is 
faster and the peak jet velocity is higher. The starting vortex is not as clear as in the low-
frequency case.         
4.4.1.2 Flow Visualization for Different Orifices 
        The frequency is kept the same (f = 0.90 Hz) for the orifice shape study (Figure 
4.4.5 – 4.4.8). The orifice type is two-slot case. The dimension of each slot is 10 × 80 
mm
2
. The only difference is the distance separating the two slots (24 mm, 48 mm, 72 mm, 
and 96 mm). The slot is relatively narrow with an aspect ratio of 8, which makes the flow 
field become close to a 2-D flow so that the side view recorded by the camera is very 
representative of the whole flow field. At the very beginning of each cycle (around first 
10 frames), the starting vortices can be clearly seen for all cases. The vortices from the 
two slots are inclined to induce one another and finally merge together as they move 
downstream. The closer the two slots are, the more upstream the merging point is. It is 
clearly seen that the two flows from the two slots merge near the orifice for the 24 mm 
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case (Figure 4.4.5). However, when the separation distance between the two slots is too 
far away (the distance between two slots is 96 mm), the two flows will not affect each 
other and they will move downstream independently (Figure 4.4.8). 
4.4.2 Flow Visualization with Fin Insert 
        Next the fin is added and the flow fields of the synthetic jets impinge on a fin. The 
distance between the orifice and fin tip is kept at 132 mm for all cases. The cases of a 
round orifice are presented with three different frequencies (0.556 Hz, 0.90 Hz, and 1.30 
Hz) (Figure 4.4.9 – 4.4.11). The diameter of the orifice is 44 mm. The starting vortices 
are first generated near the orifice at the beginning of the cycle and then move 
downstream as the diaphragm continues to move toward the orifice. The vortices entrain 
the surrounding air and finally impinge on the fin to convect the heat from the fin. The 
core flow first impinges on the round tip forming a stagnation point and goes over the 
entire fin (Figure 4.4.9) to take the heat away. 
        The flow fields of the two-slot cases are shown in figure 4.4.12 – 4.4.23. As with the 
round orifice case, three different frequencies (0.556 Hz, 0.90 Hz, and 1.30 Hz) were 
studied. For cases with spacings of the two slots between 24 mm, 48 mm, and 72mm, the 
two flows from the two slots first merge to form one core flow, then impinge on the fin 
(Figure 4.4.12 – 4.4.19). However, the two flows don’t affect each other and impinge on 
the fin independently which work similar to two wall jets. 
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Figure 4.4.1 Fog generator 
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Figure 4.4.2 a. Flow fields of one cycle (f = 0.556 Hz, round orifice, d = 44 mm) 
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Figure 4.4.2 b. Flow fields of one cycle (f = 0.556 Hz, round orifice, d = 44 mm) 
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Figure 4.4.3 Flow fields of one cycle (f = 0.90 Hz, round orifice, d = 44 mm) 
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Figure 4.4.4 Flow fields of one cycle (f = 1.30 Hz, round orifice, d = 44 mm) 
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Figure 4.4.5 Flow fields of one cycle (f = 0.90 Hz, two slot, 10 × 80 mm
2
, S = 24 mm) 
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Figure 4.4.6 Flow fields of one cycle (f = 0.90 Hz, two slot, 10 × 80 mm
2
, S = 48 mm) 
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Figure 4.4.7 Flow fields of one cycle (f = 0.90 Hz, two slot, 10 × 80 mm
2
, S = 72 mm) 
77 
 
 
Figure 4.4.8 Flow fields of one cycle (f = 0.90 Hz, two slot, 10 × 80 mm
2
, S = 96 mm) 
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Figure 4.4.9 a. Flow fields of one cycle with fin insert (f = 0.556 Hz, round orifice, d = 44 
mm) 
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Figure 4.4.9 b. Flow fields of one cycle with fin insert (f = 0.556 Hz, round orifice, d = 
44 mm) 
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Figure 4.4.10 Flow fields of one cycle with fin insert (f = 0.90 Hz, round orifice, d = 44 
mm) 
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Figure 4.4.11 Flow fields of one cycle with fin insert (f = 1.30 Hz, round orifice, d = 44 
mm) 
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Figure 4.4.12 a. Flow fields with fin insert (f = 0.556 Hz, two slot, 10 × 80 mm
2
, S = 24 
mm) 
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Figure 4.4.12 b. Flow fields with fin insert (f = 0.556 Hz, two slot, 10 × 80 mm
2
, S = 24 
mm) 
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Figure 4.4.13 Flow fields with fin insert (f = 0.90 Hz, two slot, 10 × 80 mm
2
, S = 24 mm) 
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Figure 4.4.14 Flow fields with fin insert (f = 1.30 Hz, two slot, 10 × 80 mm
2
, S = 24 mm) 
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Figure 4.4.15 a. Flow fields with fin insert (f = 0.556 Hz, two slot, 10 × 80 mm
2
, S = 48 
mm) 
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Figure 4.4.15 b. Flow fields with fin insert (f = 0.556 Hz, two slot, 10 × 80 mm
2
, S = 48 
mm) 
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Figure 4.4.16 Flow fields with fin insert (f = 0.90 Hz, two slot, 10 × 80 mm
2
, S = 48 mm) 
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Figure 4.4.17 Flow fields with fin insert (f = 1.30 Hz, two slot, 10 × 80 mm
2
, S = 48 mm) 
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Figure 4.4.18 a. Flow fields with fin insert (f = 0.556 Hz, two slot, 10 × 80 mm
2
, S = 72 
mm) 
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Figure 4.4.18 b. Flow fields with fin insert (f = 0.556 Hz, two slot, 10 × 80 mm
2
, S = 72 
mm) 
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Figure 4.4.19 Flow fields with fin insert (f = 0.90 Hz, two slot, 10 × 80 mm
2
, S = 72 mm) 
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Figure 4.4.20 Flow fields with fin insert (f = 1.30 Hz, two slot, 10 × 80 mm
2
, S = 72 mm) 
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Figure 4.4.21 a. Flow fields with fin insert (f = 0.556 Hz, two slot, 10 × 80 mm
2
, S = 96 
mm) 
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Figure 4.4.21 b. Flow fields with fin insert (f = 0.556 Hz, two slot, 10 × 80 mm
2
, S = 96 
mm) 
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Figure 4.4.22 Flow fields with fin insert (f = 0.90 Hz, two slot, 10 × 80 mm
2
, S = 96 mm) 
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Figure 4.4.23 Flow fields with fin insert (f = 1.3 Hz, two slot, 10 × 80 mm
2
, S = 96 mm) 
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4.5 Unsteady Velocity Measurement 
        The flow visualization has been used to qualify the specific characteristics of the 
unsteady synthetic jet flow impinging on a fin for cooling. To quantify the flow fields and 
document the detail information, a TSI TR 60 series, two-component Laser Doppler 
Velocimetry (LDV) system is used to make detailed velocity measurements (Figure 
4.5.1). The LDV system has an Argon Ion laser with a wavelength of 514.5 mm. The 
diameter of the laser beam is 2.8 mm. The LDV system is able to measure velocities in 
two directions that are perpendicular to each other. To measure the synthetic jet flow, the 
probe is put close to the mock-up synthetic jet (Figure 4.5.2), which can be moved to 
different locations to measure the velocity at various points. 
 For the flow measurement of a particular point, velocity data are collected for a 
number of cycles, generally 80. The photo gate (Figure 4.5.2) is able to initiate the time at 
the beginning of each cycle. Thus, the velocity data for every cycle overlap (Figure 4.5.3) 
in one cycle which makes the ensemble-average mean velocity and ensemble averaged 
RMS fluctuating velocity easily calculated. The shape of the figure represents the 
ensemble-average velocity while the band represents velocity fluctuation (Figure 4.5.3). 
An ensemble-averaged mean velocity at any instant, t, within the cycle is calculated as: 
     ( )  
 
 
∑   
   
   (t)                                                      (2) 
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where i is the cycle number and t is the particular instant within the cycle. The quantity 
Ui(t) is a velocity data point from LDV measurement at that particular time for cycle 
number i. 
 The ensemble averaged RMS fluctuating velocity is calculated as: 
    
 ( )  (
 
 
∑ (     ( )    ( ))
  
   )
 
 ⁄
                                    (3) 
where     
 ( ) is the ensemble-averaged RMS fluctuating velocity at time, t, within the 
cycle. 
 
Figure 4.5.1 Laser Doppler Velocimetry (LDV) system 
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Figure 4.5.2 Velocity measurement test facility 
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Figure 4.5.3 velocity raw data from the LDV system  
 
        A typical case of synthetic jet with a round orifice (d = 44 mm) operating at a 
frequency of 0.752 Hz was used to study the characteristics of the synthetic jet impinging 
flow. Since the entire flow field is axisymmetric, the axial surface is representative of the 
whole flow domain. The measurement map is shown in Figure 4.5.4, in which the 
crossing points represent the measurement points. In the x-direction, the probe is 
traversed every 25.4 mm (1 inch) from the orifice 25 mm to 178 mm (1 inch to 7 inch) 
with 7 points. In the y-direction, the probe is traversed every 6.3 mm (0.25 inch) from the 
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centerline (0 to 51 mm (2 inch)) with 9 points. Total number of measurement points is 63 
(7 × 9).   
        The ensemble-average velocities in the x direction, the root mean square velocities 
in the x direction, the ensemble-average velocities in the y direction, and the root mean 
square velocities in the y direction for all measured points are documented in four 
separate figures (Figure 4.5.5 – Figure 4.5.8), which make a comparison of the different 
points easily seen.  
        At the beginning of the cycle, the whole flow domain is quiescent and the velocity 
of each figure starts with a velocity of near 0 m/s. When the diaphragm starts to move 
toward the orifice and push the flow out of the orifice, as the time increases, a bulk flow 
jets out and moves downstream.  
        In the core region near the centerline (0 mm < y < 19 mm (0.75 inch)), a mountain 
shape can be clearly seen in the velocity plots for the ensemble-average in x the direction 
(Figure 4.5.5) as the bulk flow is moving through those points. However, the peak 
velocity decreases as the bulk flow moves downstream (x > 76 mm (3 inch)) due to the 
friction by the surrounding quit flow. Velocity fluctuations in x the direction of the points 
in this region are relatively higher than those of the points in other regions (Figure 4.5.6). 
However, the velocities and velocity fluctuations are very low in the y direction. The 
values of the ensemble-averaged velocities in the y direction are almost zero for the 
whole cycle (Figure 4.5.7). The velocity fluctuations in the y direction for this region are 
found to be lower than those of other regions (Figure 4.5.8). 
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        In the shear layer region (19 mm (0.75 inch) < y < 38 mm (1.5 inch)), the jetting 
flow out of the orifice starts to entrain the quiescent surrounding fluid and form vortices, 
which moves downstream. In the region in which the distance from the orifice is less than 
25.4 mm (x <25.4 mm (1 inch)) the flow has a very low momentum (Figure 4.5.5). As 
the vortices move downstream, the magnitudes of velocities in both x and y directions 
increase (Figure 4.5.5 and 4.5.6). The velocity fluctuations are found to increase also 
(Figure 4.5.7 and 4.5.8). However, in the region downstream of the orifice (x > 127 mm 
(5 inch)), the magnitudes of the ensemble-average velocity and velocity fluctuations 
decrease, due the turbulence dissipation. 
        In the region far downstream the centerline (38 mm (1.5 inch) < y < 51 mm (2 inch)), 
the flow domain is relatively quiescent.  Both ensemble-average velocities and velocity 
fluctuations are at a lower level than in other regions. However, as the shear layer grows, 
the flow region with an x value larger than 127 mm (5 inch) is agitated and the velocity 
fluctuations can be clearly seen. 
4.6 Conclusions 
        The heat transfer and fluid mechanics characteristics of a synthetic jet have been 
investigated by a mock-up synthetic jet test facility. It is 44 times that of the actual one 
causing the frequency of the mock-up jet 1/44
2
 the actual frequency. The average heat 
transfer coefficients over the fin increase almost linearly with increases of operating 
frequency of the synthetic jet. The case with two circular orifices is found to provide the 
highest heat transfer performance among all orifice geometries studied (square, two 
square, circular, two circulars, slot, two slots, and star shape). The unsteady flow 
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characteristics and development of synthetic jet impinging flow are visualized using a 
smoke generator and a camera. The starting vortices and their developments are 
documented in detail. Flow visualization of the two-slot synthetic are used to support the 
heat transfer trends. The ensemble-averaged velocities and the Root Mean Square (RMS) 
velocities measured by a Laser Doppler Velocimetry (LDV) system are used to capture 
the flow characteristics. In the shear layer region, the RMS velocities are found to be in a 
high level due to the development of the starting vortices. However, in the region of far 
field, both ensemble-averaged velocities and RMS velocity fluctuations are at a low level 
due to turbulence dissipation.  
 
 
Figure 4.5.4 Grids of the axisymmetric plane for the velocity measurements of the 
synthetic jet with a round orifice  
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Figure 4.5.5 Overview ensemble average velocity of one cycle in x-direction for all 
points within the measurement map (the orifice is round with a diameter of 44 mm, the 
frequency is 0.752 Hz) 
(Horizontal direction represents x-direction; vertical direction represents y-direction) 
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Figure 4.5.6 Overview root mean square (RMS) velocity of one cycle in x-direction for 
all points within the measurement map (the orifice is round with a diameter of 44 mm, 
the frequency is 0.752 Hz) 
(Horizontal direction represents x-direction; vertical direction represents y-direction) 
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Figure 4.5.7 Overview ensemble average velocity of one cycle in y-direction for all 
points within the measurement map (the orifice is round with a diameter of 44 mm, the 
frequency is 0.752 Hz) 
(Horizontal direction represents x-direction; vertical direction represents y-direction) 
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Figure 4.5.8 Overview root mean square (RMS) velocity of one cycle in y-direction for 
all points within the measurement map (the orifice is round with a diameter of 44 mm, 
the frequency is 0.752 Hz) 
(Horizontal direction represents x-direction; vertical direction represents y-direction) 
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           (x = 1 inch, y = 0 inch)                                          (x = 3 inch, y = 0 inch) 
 
           (x = 5 inch, y = 0 inch)                                          (x = 7 inch, y = 0 inch) 
Figure 4.5.9 (a) Detail ensemble average velocities of one cycle in x-direction for 
different points 
(x = 25 mm~178 mm (1~7 inch); y = 0 mm (0 inch)) 
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           (x = 1 inch, y = 0.5 inch)                                          (x = 3 inch, y = 0.5 inch) 
 
           (x = 5 inch, y = 0.5 inch)                                          (x = 7 inch, y = 0.5 inch) 
Figure 4.5.9 (b) Detail ensemble average velocities of one cycle in x-direction for 
different points 
(x = 25 mm~178 mm (1~7 inch); y = 13 mm (0.5 inch)) 
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           (x = 1 inch, y = 1 inch)                                          (x = 3 inch, y = 1 inch) 
 
           (x = 5 inch, y = 1 inch)                                          (x = 7 inch, y = 1 inch) 
Figure 4.5.9 (c) Detail ensemble average velocities of one cycle in x-direction for 
different points 
(x = 25 mm~178 mm (1~7 inch); y = 25 mm (1 inch)) 
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           (x = 1 inch, y = 1.5 inch)                                          (x = 3 inch, y = 1.5 inch) 
 
           (x = 5 inch, y = 1.5 inch)                                          (x = 7 inch, y = 1.5 inch) 
Figure 4.5.9 (d) Detail ensemble average velocities of one cycle in x-direction for 
different points 
(x = 25 mm~178 mm (1~7 inch); y = 38 mm (1.5 inch)) 
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           (x = 1 inch, y = 2 inch)                                          (x = 3 inch, y = 2 inch) 
 
           (x = 5 inch, y = 2 inch)                                          (x = 7 inch, y = 2 inch) 
Figure 4.5.9 (e) Detail ensemble average velocities of one cycle in x-direction for 
different points 
(x = 25 mm~178 mm (1~7 inch); y = 51 mm (2 inch)) 
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           (x = 1 inch, y = 0 inch)                                          (x = 3 inch, y = 0 inch) 
 
           (x = 5 inch, y = 0 inch)                                          (x = 7 inch, y = 0 inch) 
Figure 4.5.10 (a) Detail root mean square (RMS) velocities of one cycle in x-direction for 
different points 
(x = 25 mm~178 mm (1~7 inch); y = 0 mm (0 inch)) 
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           (x = 1 inch, y = 0.5 inch)                                          (x = 3 inch, y = 0.5 inch) 
 
           (x = 5 inch, y = 0.5 inch)                                          (x = 7 inch, y = 0.5 inch) 
Figure 4.5.10 (b) Detail root mean square (RMS) velocities of one cycle in x-direction for 
different points 
(x = 25 mm~178 mm (1~7 inch); y = 13 mm (0.5 inch)) 
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           (x = 1 inch, y = 1 inch)                                          (x = 3 inch, y = 1 inch) 
 
           (x = 5 inch, y = 1 inch)                                          (x = 7 inch, y = 1 inch) 
Figure 4.5.10 (c) Detail root mean square (RMS) velocities of one cycle in x-direction for 
different points 
(x = 25 mm~178 mm (1~7 inch); y = 25 mm (1 inch)) 
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           (x = 1 inch, y = 1.5 inch)                                          (x = 3 inch, y = 1.5 inch) 
 
           (x = 5 inch, y = 1.5 inch)                                          (x = 7 inch, y = 1.5 inch) 
Figure 4.5.10 (d) Detail root mean square (RMS) velocities of one cycle in x-direction for 
different points 
(x = 25 mm~178 mm (1~7 inch); y = 38 mm (1.5 inch)) 
 
118 
 
 
           (x = 1 inch, y = 2 inch)                                          (x = 3 inch, y = 2 inch) 
           
(x = 5 inch, y = 2 inch)                                          (x = 7 inch, y = 2 inch) 
 
Figure 4.5.10 (e) Detail root mean square (RMS) velocities of one cycle in x-direction for 
different points 
(x = 25 mm~178 mm (1~7 inch); y = 51 mm (2 inch)) 
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           (x = 1 inch, y = 0 inch)                                          (x = 3 inch, y = 0 inch) 
  
           (x = 5 inch, y = 0 inch)                                          (x = 7 inch, y = 0 inch) 
Figure 4.5.11 (a) Detail ensemble average velocities of one cycle in y-direction for 
different points 
(x = 25 mm~178 mm (1~7 inch); y = 0 mm (0 inch)) 
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           (x = 1 inch, y = 0.5 inch)                                          (x = 3 inch, y = 0.5 inch) 
  
           (x = 5 inch, y = 0.5 inch)                                          (x = 7 inch, y = 0.5 inch) 
Figure 4.5.11 (b) Detail ensemble average velocities of one cycle in y-direction for 
different points 
(x = 25 mm~178 mm (1~7 inch); y = 13 mm (0.5 inch)) 
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           (x = 1 inch, y = 1 inch)                                          (x = 3 inch, y = 1 inch) 
  
           (x = 5 inch, y = 1 inch)                                          (x = 7 inch, y = 1 inch) 
Figure 4.5.11 (c) Detail ensemble average velocities of one cycle in y-direction for 
different points 
(x = 25 mm~178 mm (1~7 inch); y = 25 mm (1 inch)) 
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           (x = 1 inch, y = 1.5 inch)                                          (x = 3 inch, y = 1.5 inch) 
  
           (x = 5 inch, y = 1.5 inch)                                          (x = 7 inch, y = 1.5 inch) 
Figure 4.5.11 (d) Detail ensemble average velocities of one cycle in y-direction for 
different points 
(x = 25 mm~178 mm (1~7 inch); y = 38 mm (1.5 inch)) 
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           (x = 1 inch, y = 2 inch)                                          (x = 3 inch, y = 2 inch) 
  
           (x = 5 inch, y = 2 inch)                                          (x = 7 inch, y = 2 inch) 
Figure 4.5.11 (e) Detail ensemble average velocities of one cycle in y-direction for 
different points 
(x = 25 mm~178 mm (1~7 inch); y = 51 mm (2 inch)) 
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           (x = 1 inch, y = 0 inch)                                          (x = 3 inch, y = 0 inch) 
  
           (x = 5 inch, y = 0 inch)                                          (x = 7 inch, y = 0 inch) 
Figure 4.5.12 (a) Detail root mean square (RMS) velocities of one cycle in y-direction for 
different points  
(x = 25 mm~178 mm (1~7 inch); y = 0 mm (0 inch)) 
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           (x = 1 inch, y = 0.5 inch)                                          (x = 3 inch, y = 0.5 inch) 
  
           (x = 5 inch, y = 0.5 inch)                                          (x = 7 inch, y = 0.5 inch) 
Figure 4.5.12 (b) Detail root mean square (RMS) velocities of one cycle in y-direction for 
different points  
(x = 25 mm~178 mm (1~7 inch); y = 13 mm (0.5 inch)) 
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           (x = 1 inch, y = 1 inch)                                          (x = 3 inch, y = 1 inch) 
  
           (x = 5 inch, y = 1 inch)                                          (x = 7 inch, y = 1 inch) 
Figure 4.5.12 (c) Detail root mean square (RMS) velocities of one cycle in y-direction for 
different points  
(x = 25 mm~178 mm (1~7 inch); y = 25 mm (1 inch)) 
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           (x = 1 inch, y = 1.5 inch)                                          (x = 3 inch, y = 1.5 inch) 
  
           (x = 5 inch, y = 1.5 inch)                                          (x = 7 inch, y = 1.5 inch) 
Figure 4.5.12 (d) Detail root mean square (RMS) velocities of one cycle in y-direction for 
different points  
(x = 25 mm~178 mm (1~7 inch); y = 38 mm (1.5 inch)) 
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           (x = 1 inch, y = 2 inch)                                          (x = 3 inch, y = 2 inch) 
  
           (x = 5 inch, y = 2 inch)                                          (x = 7 inch, y = 2 inch) 
 
Figure 4.5.12 (e) Detail root mean square (RMS) velocities of one cycle in y-direction for 
different points  
(x = 25 mm~178 mm (1~7 inch); y = 51 mm (2 inch)) 
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Chapter 5 Numerical Simulation of 
Synthetic Jet Impingement Cooling  
 
5.1 Numerical Model 
         In this section, a numerical study of synthetic jet impingement cooling is 
introduced. The numerical model is validated by comparing computed results to the 
experimental data. It is then used to predict the behavior of the synthetic jet under 
different conditions. Figure 5.1 shows the three-dimensional synthetic jet model. The 
moving diaphragm of the jet is modeled as a moving wall by using a layering dynamic 
mesh which can be achieved with a user defined function in the commercial 
computational fluid dynamics (CFD) software (ANSYS FLUENT). All of the convective 
walls of the fin (the impingement surface) are defined as constant temperature boundaries 
held 10°C higher than the ambient temperature. The boundaries of the enclosure are set to 
be constant pressure outlet boundaries, which can allow fresh air to come in at constant 
ambient temperature. In the computation, three-dimensional, incompressible, time-
dependent Reynolds-Averaged Navier-Stokes equations (RANS) are solved with the 
shear-stress-transport (SST), k-ω turbulence kinetic energy term, and a specific 
dissipation rate term, which is widely used to solve the shear flow problem. This model 
has been validated by comparing with the experimental data. The first-order implicit 
Euler discretization scheme is used for the time model. The second-order upwind scheme 
is employed for other terms in the momentum equation, energy equation, and turbulence 
terms. The Semi-Implicit Method for Pressure Linked Equations (SIMPLE) algorithm is 
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employed for pressure-velocity coupling. At each time step, the internal iterations 
continue until the residuals have been reduced to 10
-6
. 
 
 
Figure 5.1 The boundaries and computational domain of the numerical simulation 
 
 
 
 
Figure 5.2 Different convective surfaces in the computation 
 
5.2 Grid Independence Study 
        One specific case is run under different mesh sizes to validate grid independence. 
The jet is operating at 1420 Hz with a spatial-average peak velocity of 52 m/s. The 
diameter of the orifice is 1 mm and the distance between the orifice plate and tip of the 
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channel wall (fin) is 3 mm (z/d = 3). The average heat transfer coefficients of the round 
tip, flat walls, and all (round tip plus flat wall) convective surfaces for a reference case 
are compared with a case having an increased number of cells in Table 5.1. The results 
show good convergence. The maximum difference is less than 5%. 
Table 5.1 Heat transfer coefficients with different grid sizes 
 
Number of cells havg of round tip 
(W/m
2
K) 
havg of flat walls 
(W/m
2
K) 
havg of all surfaces 
(W/m
2
K) 
0.2 million 667 261 376 
0.5 million 667 267 379 
0.9 million 663 259 373 
1.5 million 663 255 371 
2.5 million 667 254 369 
 
 
5.3 Comparison between Computation and Experiment 
 The average heat transfer coefficients over all convective surfaces measured during 
the experiment are compared to those obtained from the numerical simulation (Fig. 5.3) 
for cases of different frequencies. The geometry and the spatially-averaged velocity are 
the same for the experiments and computations. The results show good agreement, with a 
maximum difference of less than 10%. The computational results are a little higher than 
the experimental results in the low-frequency region, while lower in the high-frequency 
region. 
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Figure 5.3 Comparison of average heat transfer coefficients between experiment and 
numerical simulations 
 
 
5.4 Parametric Study of Synthetic Jet Impingement Cooling 
        Since the numerical model described above can provide good predictions of the 
behavior of synthetic jet flow and heat transfer, a parametric study of heat transfer 
performance is developed using a circular orifice synthetic jet (d = 1 mm). The effects of 
amplitude and frequency of diaphragm movement are investigated with a constant z/d of 
3.0. The effects of the distance between orifice plate and the fin tip are also investigated 
for fixed amplitude or frequency. 
5.4.1 Different Amplitudes at the Same Frequency 
        The amplitude of diaphragm movement is changed while frequency is held constant. 
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The change of amplitude is reflected by the variation of spatially-averaged peak velocity 
of flow from the orifice. The peak jet velocity grows linearly with amplitude. Figure 5.4 
shows that heat transfer coefficients of different convective surfaces are characterized by 
a linear increase with jet peak velocity. This trend exists for different frequency levels, 
which indicates that the amplitude of diaphragm movement is an important parameter to 
heat transfer performance. The case with a frequency of 4880 Hz and a peak jet velocity 
of 23 m/s differs from the others. The heat transfer coefficient is unusually low. A 
possible reason is that part of the expelled flow is drawn back into the cavity because of 
the high frequency and low ejection velocity and is not able to impinge on the fin surface 
in a normal manner. For this case, a particle transit distance is about one nozzle diameter. 
 
Figure 5.4a Average heat transfer coefficient over round tip for cases with different 
amplitudes – round tip  
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Figure 5.4b Average heat transfer coefficient over flat walls for cases with different 
amplitudes – flat wall  
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Figure 5.4c Average heat transfer coefficient over all convective surfaces for cases with 
different amplitudes – round tip and flat wall 
 
5.4.2 Different Frequencies at the Same Flow Rate 
        In this section, the product of amplitude and frequency is fixed for each curve, 
which produces a constant jet peak velocity. Under this condition the changing frequency 
effect is studied. The heat transfer coefficients increase with an increase of frequency. 
However the increased rate is larger in the high-frequency range and smaller in the low-
frequency range. Increasing frequency from 153 Hz to 4880 Hz can only generate a heat 
transfer coefficient increases of less than 30%. Compared to the effect of amplitude on 
heat transfer performance, the frequency is found to be less important. 
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Figure 5.5a Average heat transfer coefficient over the round tip for cases of different 
frequencies 
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Figure 5.5b Average heat transfer coefficient over the flat walls for cases of different 
frequencies 
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Figure 5.5c Average heat transfer coefficient over all convective surfaces for cases of 
different frequencies 
 
5.4.3 Different Distances between the Orifice Plate and Fin Tip 
        The frequency and amplitude of the diaphragm are kept constant in this study (Fig. 
5.6). The synthetic jet is operating at 1420 Hz with a spatial-average peak velocity is 52 
m/s. The distance between the orifice plate and the fin tip (see Fig. 5.1) is changed from 
case to case to obtain the effects on heat transfer coefficient. The diameter of the orifice 
is 1 mm. Figure 5.6 plots the heat transfer coefficients of different convective surfaces 
with various ratios of axial distance to orifice diameter. It is observed that the cooling 
performance is not strongly sensitive to changes in axial distance. The maximum 
difference in heat transfer coefficient is less than 10% in the z/d range 1-7. The outcome 
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of this study is promising for electronic cooling applications since space is limited for 
most modules. A change in trend is noted at about z/d = 4-5. This may be due to the 
impact point of the jet shear layer moving off (with increasing z/d) the tip region. When 
the fin to be cooled is moved away from the orifice with a z/d values from 1 to 4, the 
shear layer is more focused on the fin, which causes increases in heat transfer 
performance. However, when the fin is moved further away from the orifice, with a z/d 
from 4 to 6, the turbulence will dissipate causing a decrease of heat transfer performance. 
 
Figure 5.6 Heat transfer coefficients over different convective surfaces at different 
distances between the orifice and the fin tip 
 
5.4.4 Correlations for the Synthetic Jet 
        Correlations are developed using regression analysis from the computational data for 
heat transfer coefficients for the round tip (see Fig. 5.7). The average Nusselt number as a 
140 
 
function of average Reynolds number can be described with the following equation. This 
applies for one tip-radius-to-orifice-radius ratio, R/r = 1.1.  
        
0.540.414 (Re )avg avgNu                                                    (5.1) 
where 
        
avg
avg
h d
Nu
k

                                                              (5.2) 
The predicted values are compared to the computational data in Fig. 5.7 The diagonal line 
is for a perfect match and the plot shows that the equation predicts the relationship 
reasonably well, since most of the data are close to the diagonal line 
 
Figure 5.7 Comparison of predicted values and compuational values 
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5.5 Conclusions 
        The heat transfer performance using synthetic jet impingement to cool a portion of a 
fin was investigated computationally. 
        A numerical model was first validated by comparing its results to experimental data. 
Then effects on heat transfer of different important parameters were tested. It was found 
that the amplitude of diaphragm movement was more important in augmenting heat 
transfer than was the operating frequency. However, the heat transfer coefficient was 
shown to increase also with frequency. The cooling performance of synthetic jet 
impingement was found to be rather insensitive to changes in axial distance. Finally, a 
correlation was developed from the cases computed for average Nusselt number vs. 
average Reynolds number.  
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Chapter 6 Fluidic power study of the 
synthetic jets and agitators 
 
6.1 Introduction 
         Besides heat transfer enhancement of synthetic jets, the fluidic power consumption 
is an important parameter to the designers for the cooling device which is important. 
Thus, fluidic power consumption of synthetic jets and flow agitators is studied 
numerically and presented herein. The oscillating diaphragm of the synthetic jet or the 
oscillating plate of the agitator is realized as a moving wall in the numerical model. 
Dynamic meshes are used in the CFD commercial software ANSYS FLUENT [99] to re-
mesh the fluid domain as the moving parts change the flow path geometry. Results of a 
parametric study are presented for fluidic power consumption with variations in 
frequency, amplitude, and geometry. 
6.2 Synthetic Jets 
6.2.1 Numerical Model 
        In our group, a piezo-bow structure is used to drive a synthetic jet module with 9×25 
orifices (Figure 6.2). The dimensions of the diaphragm are 36×100 mm
2
. Each orifice is 
1×1 mm
2
 square and the x-direction and y-direction spacings are 4 mm. A single unit 
with a cavity dimension of 4×4 mm
2
 is used for the analysis of the whole module, 
capitalizing on symmetry of the geometry (Figure 3). In the model, the oscillating 
diaphragm of the synthetic jet is modeled as a moving wall by using a layering dynamic 
mesh, which can be configured with a user defined function in the commercial 
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Computational Fluid Dynamics (CFD) software ANSYS FLUENT. Movement of the 
diaphragm is sinusoidal, which matches well with the real situation. All the side walls of 
the cavity are defined as symmetric boundaries so that the single unit represents well one 
channel of the whole module (Figure 3). 
        The flow outside the orifice is calculated with constant pressure boundaries, which 
allows flow to come in and out simulating a synthetic jet discharging to open air (Figure 
3). Three-dimensional, incompressible, time-dependent Reynolds-Averaged Navier-
Stokes equations (RANS) are solved with the shear-stress-transport (SST), k-ω 
turbulence model, which is found to calculate the synthetic jet flow accurately. Fifty time 
steps are calculated for each cycle and internal iterations continue until the residuals are 
reduced to 10
-6
. The surface-averaged static pressure on the diaphragm and the 
diaphragm velocity are recorded after each time step and the instantaneous fluidic power 
is calculated using the equation: 
 
 P = p×V×A                                                     (6.1) 
where p is the surface-averaged static pressure of the diaphragm, V is the diaphragm 
velocity and A is the area of the diaphragm. The calculated instantaneous fluidic power in 
one cycle is plotted in Figure 6.4. The diaphragm is vibrating at 1000Hz. The peak-to-
peak amplitude is 1.2 mm. The instantaneous fluidic power reaches its peak when the 
velocity of the diaphragm is maximum. 
To validate grid independence, one specific case is run under different mesh sizes. The 
synthetic jet is vibrated at 500 Hz with a peak-to-peak amplitude of 1.6 mm. The orifice 
is 1×1 mm
2
 square. The time-averaged power consumption is compared with those of 
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cases having increased number of cells (Table 6.1). The results show good convergence. 
The maximum difference is less than 5%. 
 
 
Figure 6.1 Schematic of a single channel within a multi-channel heat exchanger unit 
having an agitator and synthetic jets 
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Figure 6.2 A 3-D view of the synthetic jet with 9×25 orifices 
 
 
 
Figure 6.3 Numerical model to calculate the synthetic jet flow 
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Figure 6.4 Instantaneous power of the synthetic jet over two cycles 
 
Table 6.1 Average fluidic power consumption with different numbers of cells 
 
Number of cells Pavg (W) 
200000 0.0334 
400000 0.0335 
800000 0.0333 
1600000 0.0335 
 
6.2.2 Parametric Study  
 Using the numerical model, a parametric study of the fluidic power consumption 
was conducted. The effects of the amplitude and frequency of the oscillating diaphragm 
were documented. Three different frequencies (500, 1000 and 2000 Hz) were tested at 
various amplitudes. It was found that the power is proportional to the cube of the 
amplitude (Figure 6.5a) or cube of the frequency (Figure 6.5b). To understand whether 
the frequency or the amplitude is more important in determining the power, another 
comparison was done in which the product of the amplitude and frequency was held 
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constant. The power consumption with the same frequency-amplitude product, but 
plotted with different frequencies, then different amplitudes indicated that it is the 
product of frequency and amplitude (only) that determines the power level (Figure 6.6). 
Since the flow is incompressible, the volume change of the cavity with displacement of 
the diaphragm equals the volume flow through the orifice. The equation can be written 
as: 
 jetjetdia
AVftAaf  )2sin(2/2 
                                         (6.2) 
The peak jet velocity is proportional to the product of frequency and amplitude, with 
fixed diaphragm and orifice areas.  
The effects of the orifice geometry were also studied. Three geometries, circular, 
rectangular and square were compared (Figure 6.7). The orifice areas were unchanged. 
The diaphragm was driven at 500 Hz with various amplitudes. It was found that the 
power consumption was nearly the same for each case indicating that the orifice shape is 
not an important factor toward power consumption so long as the orifice area is 
unchanged (Figure 6.8). 
Next, the efficiency of a synthetic jet is computed. It is defined as the ratio of kinetic 
energy of the departing jet flow (only the departing jet part of the cycle), Ek, (Equation 
6.3) to the energy consumed on the diaphragm during one full cycle (η = Ek/Edia). The 
energy Edia is computed using equation (6.4). Figure 6.9 shows the efficiencies of a 
synthetic jet with a square orifice (1×1 mm
2
) under various conditions. The efficiency is 
very similar from case to case indicating that the efficiency is not strongly dependent on 
the operational condition of the synthetic jet. The efficiency is found to be high (about 
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80%), indicating that the synthetic jet is an efficient active device for electronics cooling. 
This analysis includes only the diaphragm, cavity, and orifice plate. It does not include 
losses in the mechanism that drives the diaphragm. 
 
 
dtVdAVE
T
A
nk
2
2/
0
2
1
  
                                            (3) 
dtVApE
T
diadiadia  
0                                                  (4) 
 
 
Figure 6.5a Time-averaged power consumption of the synthetic jets at various 
amplitudes 
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Figure 6.5b Time-averaged power consumption of the synthetic jets at various 
frequencies 
 
Figure 6.6 Time-averaged power consumption of the synthetic jets at various levels of 
the product of frequency and amplitude 
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Figure 6.7 Geometries of different orifice shapes 
 
 
Figure 6.8 Power consumption of the synthetic jets with different orifice shapes 
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Figure 6.9 Power consumption of the synthetic jets with different orifice shapes 
 
 
 
 
 
6.3 Oscillating Plate Agitator 
        The fluidic power consumption of an oscillating plate in a single channel is also 
studied. Figure 6.9 shows a 3-D view of the numerical model. The channel is 4.3 mm 
wide, 20 mm high and 50 mm long. The oscillating plate is 1.5 mm thick, 19 mm high 
and 48 mm long. Thus, the tip gap size between the plate and base of the channel is 1.0 
mm. The actuated plate is moving in a translational mode with sinusoidal movement. The 
flow field is continuously being re-meshed to account for movement of the actuated plate. 
This is the same methodology as used to simulate the synthetic jet. The fluid flow within 
the channel is calculated using a transient, pressure-based solver with the shear-stress-
transport (SST), k-ω turbulence model. The SIMPLE algorithm is used to solve pressure-
velocity coupling. Time step size is chosen in such a way that there are 200 time steps for 
each cycle. For each time step, the internal iterations continue until the residuals have 
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been reduced to 10
-6
. The total force on the plate in the x-direction and the plate velocity 
in the x-direction are recorded after each time step so that the instantaneous fluidic power 
can be calculated using the equation: 
P = Fx×Vx                                                                                         (6.5) 
Figure 6.11 shows the instantaneous power consumed by the agitator over one cycle 
when the frequency is 1000 Hz and the peak-to-peak amplitude is 0.4 mm. The power 
curve shows a peak when the agitator velocity reaches its maximum, similar to the 
synthetic jet (Figure 6.11) results. To validate grid independence, one specific case is run 
under different mesh sizes. The agitator is vibrated at 1000 Hz with a peak-to-peak 
amplitude of 0.8 mm. The time-averaged power consumption compared with that of cases 
having increased number of cells is shown in Table 6.2. The results show good 
convergence. The maximum difference is less than 10%. The power consumed by plate 
agitators to work against the fluid pressure field is found to be proportional to almost the 
cube of the amplitude or the frequency, as computed for the synthetic jet case (Figure 
6.12).  
One explanation for this is that the pressure drop caused by the moving parts is due to the 
inertial losses of the flow which are proportional to the square of the velocity (equation 
6.6). The force is linear with the pressure drop (equation 6.7) and the power is the 
product of the force and velocity (equation 6.8).  
 
2Vp                                                             (6.6) 
 
pF 
                                                             (6.7) 
 VFP                                                    (6.8) 
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Figure 6.10 Schematic of the agitator in a single channel 
 
 
Figure 6.11 Instantaneous power of the agitator in two cycles 
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Figure 6.12a Power consumption of the oscillating agitator at various amplitudes 
 
Figure 6.12b Power consumption of the oscillating agitator at various frequencies 
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Table 6.2 Average fluidic power consumption with different numbers of cells 
Number of cells Pavg (W) 
100000 1.82 
200000 1.75 
400000 1.72 
800000 1.71 
6.4 Conclusions 
        The fluidic power of active devices such as synthetic jets and oscillating plate 
agitators used in enhancing heat transfer has been studied numerically. The dynamic 
mesh method in the CFD software was used to remesh the fluid domain as the diaphragm 
of the synthetic jet or oscillating plate of the agitator is moving. The instantaneous fluidic 
power consumption of both synthetic jets and oscillating plate agitators show sinusoidal 
curves. The time-averaged fluidic power consumption by the synthetic jets is proportional 
to the cube of the amplitude or cube of the frequency. The frequency and amplitude are 
found to be equally important to fluidic power consumption. Synthetic jet orifices of 
three different shapes (circular, square and rectangular) with the same orifice area were 
tested to find that the orifice shape is not an important factor to the fluidic power if the 
orifice area is the same. The efficiency of a synthetic jet, defined as the ratio of kinetic 
energy of the departing flow to energy supplied to the diaphragm over a full cycle, is 
independent of operating conditions and is high (about 80%). The time-averaged fluidic 
power consumption of the agitator is also proportional to the cube of the amplitude or 
cube of the frequency. 
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Chapter 7 Acoustic Measurement and 
Noise Reduction 
 
7.1 Introduction 
         The agitator plates and synthetic jets have been found to be very effective in 
enhancing heat transfer. However, these active devices, especially when they are 
operating at high frequencies, generate noise that adds to the noise of the traditional fans. 
The noise issue has been studied. An one-dimensional analytical model is used to 
calculate transmission losses for different muffler designs. The sound level is calculated 
for each to find the optimal design. Noise levels of piezoelectrically-driven agitators and 
synthetic jets under different operating conditions are measured using a microphone. The 
acoustic characteristics of these active devices are obtained using Fast Fourier Transform 
(FFT) analysis. Base on the power spectrum, a circular expansion chamber, one of the 
candidate muffler designs, is offered for noise reduction. 
7.2 Acoustic Measurements 
7.2.1 Introduction of Agitator and Synthetic Jets 
        The agitator and the synthetic jets are driven by an oval loop shell amplifier coupled 
with a piezo stack actuator (Figure 7.1). When the piezo stack actuator contracts and 
expands in the horizontal direction with a sine-wave voltage input, the oval loop shell 
transforms the movement of the piezo stack actuator to the vertical direction and 
magnifies its amplitude at the same time [101]. The agitator is formed when a carbon 
fiber composite blade is attached to the oval loop shell actuator (Figure 7.2). When the 
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oval loop shell actuator is connected to a jet frame with multiple orifices on it (Figure 
7.3), the synthetic jets are realized [102]. The impinging synthetic jets are found to be 
effective in enhancing heat transfer of an air-cooled heat sink with channel flow [103]. 
Stack’s 
displacement
(b)
(a)
Piezo stack 
actuator
Oval loop shell
Amplified 
displacement
 
Figure 7.1 A 3-D view (a) and side view (b) of the oval loop shell actuator 
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Figure 7.2 actual agitator 
 
 
Figure 7.3 actual synthetic jets 
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7.2.2 Acoustic Experimental Results  
 The noise levels of the agitator and synthetic jets are measured using a 12.5 mm 
(0.5 inch) diameter Free-field microphone (Type 40AE) from GRAS Sound & Vibration. 
The microphone is put one meter away from the active devices. The unsteady pressure 
fluctuation is recorded by the microphone and the root-mean-square (RMS) pressure 
fluctuation is calculated. With a reference pressure of 20 μPa, the sound pressure level, 
widely used to describe the noise level in acoustics becomes: ]/[log10 2210 refrms ppSPL  in 
the dB scale. The noise levels of the agitator operating at two different resonance 
frequencies (600 Hz and 900 Hz) are measured at various input voltages (Figure 7.4). The 
RMS pressure fluctuation is found to increase almost linearly with an increasing peak 
voltage input (Figure 7.5). The maximum noise level of the agitator is found to be as high 
as 100 dB which is harmful to the human ear. The sound level of the agitator operating at 
higher frequencies is found to be much larger than when operating at lower frequencies. 
The maximum noise level of the synthetic jet in our design is found to be about 85 dB 
with a maximum input of 200 volts. Using the Fast Fourier Transformation (FFT) 
analysis, the power spectrum of the unsteady pressure fluctuation is obtained. Figure 7.6 
shows the power spectrum for operating at a bow structure resonance frequency of 900 
Hz and a voltage input of 72 V. It is found that the acoustic energy resides within narrow 
ranges of several specific frequencies which are integer multiples of the operating 
frequency of the agitator (900 Hz). However, almost 90% of the total acoustic energy is 
in the first frequency peak, which is the operating frequency of the agitator (Table 7.1). 
The noise reduction of this specific frequency is of primary importance to overall noise 
reduction. Figure 7.7 shows the acoustic characteristics of noise generated by the 
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synthetic jets operating at a resonance frequency of 1250 Hz and a peak voltage of 80V. 
As with the agitator drive, the acoustic energy is concentrated in several narrow bands of 
frequencies that are integer multiples of the operating frequency of the synthetic jets 
(1250 Hz). Most acoustic energy (around 90%) is found in the first two peak frequencies 
(1250 and 2500 Hz -- see Table 7.2). 
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Figure 7.4 A-weighted sound pressure levels of the agitator with different driving 
voltages. The agitator is operating at 900 Hz (a) and 600 Hz (b) 
 
 
Figure 7.5 A-weighted sound pressure level (SPL) of synthetic jets operated at different 
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driving voltages and 1250 Hz frequency 
 
Figure 7.6 Power spectrum of the pressure fluctuation of the synthetic jets when the 
agitator is operating at the bow drive resonance frequency of 900 Hz and a peak voltage 
of 72 V 
 
 
Table 7.1 Ratios of power in the first peak frequency (900 Hz) band to total power for 
operation at different input voltages and at the bow drive resonance frequency of 900 Hz 
 
Voltages (V) Ratio (%) 
25 85 
48 89.3 
72 92.3 
98 90.9 
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Figure 7.7 Power spectrum of the pressure fluctuation of the synthetic jets (synthetic jets 
are operating at the resonance frequency of 1250 Hz with an input voltage of 80) 
 
 
 
 
 
 
Table 7.2 Ratios of the power in the peak frequency bands to the total power for different 
input voltages (the synthetic jets are operating at the resonance frequency of 1250 Hz) 
 
Voltages (V) Ratio of the first 
peak (1250 Hz) 
Ratio of the second 
peak (2500 Hz) 
Sum of the first and 
second peaks 
20 83.3% 6.18% 89.5% 
40 75.7% 11.9% 87.6% 
60 68.6% 16.1% 84.7% 
80 68.3% 18.6% 86.9% 
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7.3 Noise Reduction 
7.3.1 Noise Reduction of Different Types of Enclosures 
        The well-sealed enclosures are found to be effective in insulating noise with high 
frequency. It showed large transmission losses (TL) in cases documented in the literature. 
Thus, we tested aluminum boxes with various thicknesses for noise control (Fig. 7.8). 
The sound level of the synthetic jet was measured using a microphone sensor in the 
ambient to have a value of 82 db. The synthetic jet was operated at a frequency of 1250 
Hz and a peak-to-peak voltage of 80 V. To measure the sound reduction of each 
aluminum box, the synthetic jet was put in the box and the box lid was well sealed. The 
sound level with the synthetic jet in the box and the sound reduction level are recorded in 
Table 7.3. It was observed that the sound reduction increased with an increase of 
thickness of the aluminum box walls. The sound reduction of the aluminum box with 4 
mm thick walls was as high as 26 db. A double wall design was tested with two 
aluminum boxes, one inside the other, with porous material put in the space between the 
inner and outer walls (Fig. 7.8 d)).  The combination of two aluminum boxes was able to 
reduce the transmission of sound waves effectively and the porous material was able to 
dissipate part of the energy. This design was measured to have a sound reduction of 30 
db.  
         Although the box with double walls was found to be very effective in reducing 
noise, it can’t be used in the cooling system unless openings are made to allow the flow 
to go through. Thus, the muffler, a popular noise reduction device which is able to allow 
through flow, is applied with the enclosures to reduce noise from the cooling system. 
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                         (a) 2 mm thick                                   (c) 4 mm thick 
 
        
 
                       (b) 3 mm thick                               (d) double leaf box 
 
Figure 7.8 Different boxes 
 
Table  7.3 Sound reduction measurements for different boxes 
 
 Sound level with the 
box 
Sound reduction 
2 mm Aluminum box  62 dB 18 dB 
3 mm Aluminum box 58 dB 22 dB 
4 mm Aluminum box 54 dB 26 dB 
double leaf box 50 dB 30 dB 
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7.3.2 Noise Reduction Using Mufflers 
        Most acoustic energy is found in narrow bands of several frequencies that include 
the operating frequency of the piezoelectrically-driven agitators or synthetic jets. The 
circular expansion chamber, a candidate muffler design, is proposed to decrease the 
noise, since it is able to decrease the noise level effectively at selected frequencies with 
proper choices of dimensions. A circular expansion chamber is basically made of three 
tubes with different diameters (Figure 7.9). 
A reflected sound wave due to a change in cross section which is different in phase from 
the incident sound wave is generated [23]. The incident wave can be canceled by the 
reflected wave when the muffler is properly designed. Then, the sound level is decreased. 
The transmission loss (TL) is widely used to describe the performance of a muffler [22].  
 
 ti ppTL /log20 10                                                                   (7.1) 
 
where pi is the RMS pressure fluctuation at the noise source side of the muffler and pt is 
the RMS pressure fluctuation at the other side of the muffler. The transmission loss 
describes the amount of incident sound wave that is muffled. It can be obtained 
numerically or experimentally. The transmission loss of a circular expansion chamber can 
be obtained by solving the one-dimensional wave equation [26]. 
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where D, d, and L are dimensions of the expansion chamber (Figure 7.9) and k is the 
wave number of the sound wave (k = 2πf/c) and c is the speed of sound. It was found that 
equation (7.2) can predict transmission loss accurately at low frequencies [26]. According 
to the equation, the expansion ratio (D/d) affects only the amplitude of the transmission 
loss (Figure 7.9); while the length of the expansion chamber affects the frequency 
characteristics (Figure 7.11). The transmission loss exhibits multiple dome-shaped 
characteristics in the frequency domain displaying increasing transmission loss with 
increases in expansion ratio (D/d). 
        The analytical model was used to design the expansion chamber of the muffler used 
for reduction of the agitator and synthetic jet actuators’ noise. Figure 7.12 shows the 
muffler design sequence. The power spectrum of the measured pressure signal is first 
filtered using an A-weighting filter, a filter that is designed to weight toward the 
frequencies to which the human ear is sensitive. The A-weighted power spectrum is then 
reduced by the transmission loss, as obtained from equation (7.2), associated with the 
particular expansion chamber. Finally, the RMS pressure fluctuation is evaluated by 
calculating the total area under the power spectrum curve so that the sound pressure level 
is obtained ( ]/[log10 2210 refrms ppSPL  ). 
        By applying the above processes, the performance characteristics of different 
expansion chamber designs can be compared for the specific noise of the agitator and 
synthetic jets. The synthetic jets operating at a resonance frequency of 1250 Hz with a 
voltage of 80 V input and the agitator operating at 900 Hz with a voltage of 72 V are used 
for the analysis. Figures 7.13 and 7.14 show the expansion chamber lengths that give 
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lowest sound levels. The choice of expansion chamber length is independent of the 
expansion ratio (D/d), since the expansion ratio does not affect the frequency 
characteristics of the transmission loss. However, the sound level is found to decrease 
with increasing expansion ratios. The expansion chamber with the optimal length and 
maximum expansion ratio is able to reduce the sound level from 83 dB to 59 dB for the 
synthetic jet noise and from 91 dB to 67 dB for the agitator noise. 
        To verify the performance of the expansion chamber design obtained analytically, 
the expansion chamber with an expansion ratio of 6 (D= 152 mm or six inches, d= 25 
mm or one inch) and a length, L, of 51 mm (two inches) was fabricated and tested. It is 
constructed from a metal tube and two metal plates with 25 mm (one inch) diameter 
circular holes on them (Figure 7.15). The measured sound level of the synthetic jets in an 
isolated box is 83 dB without the expansion chamber. When the expansion chamber is 
added, the noise level is decreased to 63 dB, which is close to the analytical value of 59 
dB. 
 
Figure 7.9 The expansion chamber geometry 
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Figure 7.10 Transmission loss vs. frequency the expansion chambers of different 
expansion ratios (D/d) but with the same length 
 
Figure 7.11 Transmission loss vs. frequency of expansion chambers of different lengths 
but with the same expansion ratio (D/d). 
 
170 
 
 
Power spectrum of the pressure 
fluctuation from measurement
A-weighted filter
A-weighted Power spectrum 
Transmission loss of the 
expansion chamber
Reduced A-weighted Power spectrum 
Calculate RMS pressure fluctuation 
from power spectrum
Final sound level 
 
 
Figure 7.12 The process to calculate the sound level of the active devices after the 
expansion chamber is applied 
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Figure 7.13 Sound level of the agitators after an expansion chamber is applied (synthetic 
jets are operating at the drive resonance frequency of 1250 Hz with a voltage of 80 V 
input) 
 
Figure 7.14 Sound levels of the agitator drives after the expansion chamber is applied 
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(agitators are operating at a resonance frequency of 900 Hz with a voltage of 72 V input) 
 
 
Figure 7.15 Schematic of the fabricated expansion chamber 
 
7.3.3 Noise Reduction of the System 
        The mufflers have been found to decrease the noise effectively so that they are used 
to decrease the noise level of the actual cooling module. The noise of the whole cooling 
includes the noise from two synthetic jets and two agitators running (four piezo-bows 
totally). The two synthetic jets are operating at about 840 Hz and the two agitators are 
operating at about 800 Hz. The noise level of the whole cooling module is about 91 dB. 
A box has been used for the noise reduction measurement of the muffler in the 
application of the whole module (Figure 16 and Figure 17). The inlet orifice diameter (d) 
is 2 inches. In the sound test facility, a muffler is put on the two ends of the box which is 
a setup close to the real system. Four cases are tested to find the noise reduction 
performance of the muffler (Figure 18) and Table 7.4 shows the measurement results. 
The noise of the whole cooling module in the open air is first measured and the level is 
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about 91 dB (case 1). The cooling module is then put inside a box and the box is well 
sealed. The measured sound level is about 72 dB (case 2). Then, a 51 mm (2-inch) 
diameter hole is drilled on both sides of the box to simulate the real case which allows 
channel flow to go through. The noise level is found to increase to 81 dB which indicates 
that the hole is an important factor for the noise (case 3). The mufflers are then added to 
reduce the noise level (case 4). It is found that the noise level can be decreased to 65 dB 
by adding the mufflers.  
 
               
 
Figure 7.16 Whole cooling module inside a box 
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       Figure 7.17 The noise reduction test module 
 
 
 
Figure 7.18 The picture of the sound test facility 
 
Table 7.4 The test results of the different cases 
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7.4 Conclusions 
        Agitators and synthetic jets driven by oval loop shell actuators are applied to 
enhance heat transfer in electronics cooling modules. The noise levels they generate are 
measured using a microphone held one meter away from the active drive devices. Their 
sound pressure levels are found to increase with increases linearly with input voltages 
and remarkably more steeply with frequency. The maximum noise level of the agitator 
operating at the higher resonance frequency of 900 Hz is as high as nearly 100 db. 
        A fast Fourier transform analysis is applied to document the acoustic characteristics. 
In the power spectrum plot, the acoustic energy is found to concentrate in narrow ranges 
at several specific frequencies which are integer multiples of the operating frequency of 
the active device drives. For the agitator, most acoustic energy (around 90%) is found in 
a narrow range about the operating frequency of the agitator. For the synthetic jets, most 
of the acoustic energy (around 90%) is found in a narrow band about the operating 
frequency of the synthetic jets and another near twice the operating frequency.  
        Based on the acoustic characteristics of the noise generated by the agitator and 
synthetic jet drives, a circular expansion chamber, one of several candidate mufflers 
considered, is offered to reduce the noise. A one-dimensional analytical model is used to 
calculate the transmission losses for different muffler designs. The model is able to 
generate transmission loss for different frequencies when dimensions of the expansion 
chamber are supplied. It is found that transmission loss of the expansion chamber is 
related to only the expansion ratio and the length of the chamber, and the frequency of 
the sound. The transmission loss increases with increases in expansion ratio of the 
muffler. The length of the expansion chamber is found to affect only the frequency 
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attenuation characteristics. The analytical model is combined with the power spectrum of 
the noise generated by the agitator drives of the synthetic jet drives to determine the 
sound level when the expansion chamber is applied. The related performance 
characteristics of different expansion chamber designs are determined. It is found that 
optimal expansion lengths exist, providing the greatest sound level attenuation. The 
expansion chamber with an optimal length and expansion ratio (D/d) of 6 decreases the 
sound level of the synthetic jets from 83 dB to 59 dB and decreases the sound level of the 
agitator drives from 91 dB to 67 dB. To verify the performance of the expansion chamber 
design, which was obtained analytically, we fabricated an expansion chamber with an 
expansion ratio of 6 and a length of 51mm, two inches). This expansion chamber 
decreased the noise level from 83 dB to 63 dB, as verified experimentally. The reduced 
sound level of the measurement is close to that obtained analytically (59 dB), indicating 
that the analysis is able of predicting the performance of different expansion chamber 
designs.  
        The mufflers are finally applied to reduce the noise of the whole cooling system 
with two agitators and two synthetic jets running. The four piezo bows are running at 
about 800 Hz. The acoustic measurement found that the noise level can be reduced from 
91 dB to 65 dB 
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Chapter 8 Conclusions 
 
        The present study has investigated synthetic jet impingement as an alternative 
cooling method for electronics cooling compared to other traditional cooling technologies. 
The possibility of the synthetic jet in the application of electronics cooling has been 
investigated. The practical cooling device using synthetic jets has been designed, 
fabricated, and tested. Compared with previous studies of synthetic jets, this work 
provides a new aspect view by using experimental and numerical methods. The flow 
visualization and the fluid mechanics measurements are used to explain the heat transfer 
phenomena. The synthetic jet has been found very effective in heat transfer enhancement. 
The heat transfer performances of synthetic jet impinging on a fin have been studied and 
analyzed under various conditions (e.g. various frequencies and various orifice shapes). 
The specific unsteady synthetic jet flows have been measured using a Laser Doppler 
Anemometer (LDA) and flow visualization has been taken to support the design and heat 
transfer measurements. The high noise emission of the actual synthetic jet has been found 
and a muffler has been designed to reduce the noise.  
8.1 Heat Transfer  
        A mock-up synthetic jet is fabricated to investigate the synthetic jet cooling 
mechanism. The size of the scaled jet is 44 times that of the actual one. Consequently, the 
frequency of the mock-up jet is 1/44
2
 the actual frequency, which makes the scaled jet 
easier to operate and realize.  The synthetic jet is impinging flow on a fin and the average 
heat transfer coefficient over the fin is measured. It is found that the heat transfer 
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coefficient increases almost linearly with increases of operating frequency of the 
synthetic jet, which makes the frequency an important parameter in designing synthetic 
jets for cooling. A high frequency (2700 Hz) jet is able to provide a heat transfer 
coefficient of 650 W/m
2
K. Synthetic jets with two circular orifices provide the highest 
heat transfer performance among all orifice geometries studied (square, two square, 
circular, two circulars, slot, two slots, and star shape). The cases with different orifice 
shapes kept the same total orifice area and operating conditions. The case with two 
circular orifices is able to provide high heat transfer performance on both the fin tip 
region and the fin side wall region of a heat exchanger cooling channel. 
        Using numerical simulation, the heat transfer performance of synthetic jet impinging 
flow combined with a channel flow was studied. The synthetic jet flow impinged on the 
cooling fin while the channel flow is perpendicular to the jet impinging flow. The 
numerical simulation is realized by the commercial software ANSYS Fluent and has been 
validated by comparing with experiment. It was found that the heat transfer performance 
in the fin tip region was influenced significantly by the synthetic jet impinging flow while 
channel flow had little effect in this region. A maximum heat transfer enhancement of 
400% synthetic jets was found. The channel flow was found to be more effective in 
cooling the fin side walls. Synthetic jets were not able to penetrate much further along the 
fins from the tips and have very little effect on the fin side walls. The heat transfer 
increase in the fin tip wall region by the synthetic jets is less than 10%. Synthetic jets are 
more effective in cooling if they are close to the surface. 
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8.2 Fluid Mechanics  
         Flow visualization of the unsteady synthetic jet flow is documented. The flow 
characteristics and development of synthetic jet impinging flow are clearly seen. When 
the diaphragm of the synthetic jet starts to push flow out of the orifice, a starting vortex is 
found near the orifice at the first quarter of total cycle. When the diaphragm continues to 
move towards the orifice, the vortex is found to move downstream by entraining and 
enrolling surrounding air at the same time (at the second quarter of total cycle). Finally, 
these vortices dissipate and the entire flow field is quiescent when the diaphragm is 
moving backwards from the orifice and draws flow into the orifice during the last two 
quarters of the cycle. Because the sink flow is much weaker than the impinging jet flow 
and it has little effect on the flow field far from the orifice. Flow visualization of the two-
slot synthetic jet showed that the starting vortices from the two slots are toward inclined 
each other, induce one another and finally merge together as the vortices are move 
downstream. The closer the two slots are, the nearer to the orifice the merging point is. 
However, when the two slots are too far away the two flows will not affect each other and 
will move downstream independently. 
        A Laser Doppler Velocimetry (LDV) system is used to make detail velocity 
measurements of the synthetic jet impinging flow. The ensemble-averaged velocities and 
the Root Mean Square (RMS) velocities are used to capture the flow characteristics.  In 
the core region, the ensemble-averaged velocities are at a high level while the RMS 
velocities are at a low level. In the shear layer region, the impinging flow out of the 
orifice starts to roll up the quiescent surrounding flow and form vortices that make the 
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velocity fluctuations increase. However, in the region far away from the orifice, 
magnitudes of the ensemble-averaged velocities and the RMS velocity fluctuations 
decrease, due to turbulence dissipation. In the region far away from the centerline, the 
flow domain is relatively quiescent.  Both ensemble-averaged velocities and RMS 
velocity fluctuations in the far field are at a lower level compared to other regions. 
8.3 Noise  
        The actual synthetic jets driven by piezoelectric stacks are found to be very effective 
in heat transfer enhancement. However, high noise emission levels are found by a 
measuring with a microphone. They are due to the high vibrational frequencies. The 
sound pressure levels increase linearly with input voltage to the piezoelectric actuator and 
with operating frequency. The noise level can go as high as 90 dB when the synthetic jets 
are operating at 1250 Hz. By applying a Fast Fourier Transform (FFT) analysis, the 
acoustic energy is found. It concentrates in narrow ranges at several specific frequencies 
that are integer multiples of the operating frequency of the active device drives. Almost 
80% of the total acoustic energy is in a narrow band about the operating frequency.   
        A circular expansion chamber, one of several candidate muffler designs, is used for 
noise reduction based on the acoustic characteristics of the synthetic jet. The muffler is 
able to provide significant noise reduction at specific frequencies that can be predicted by 
a numerical model. The numerical model is used to optimize the muffler to provide the 
largest noise reduction. Several optimal muffler lengths have been found using this 
method. Based on the optimization results, a muffler is fabricated with an expansion ratio 
of 6 and a length of 51mm (two inches). The acoustic measurement showed that the 
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muffler is able to decrease the noise level form 83 dB to 63 dB. In the final cooling 
configurations, the mufflers are able to reduce the noise level from 91 dB to 65 dB with 
four piezoelectric stacks operating at about 800 Hz.  
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